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ABSTRACT

Structures made using cement are prone to deterioration over time. Majority of structural failures
have been attributed to inappropriate concrete mix designs, poor engineering designs, substandard
aggregates, mixing water and sand. While many studies have focused on use of alternative
cementitious materials to improve on the durability of existing Ordinary Portland cement (OPC),
little attention has been given to microbial influence on concrete durability. This study investigated
the influence of Thiobacillus intermedius, Starkeya novella and Acidithiobacillus thiooxidans
bacteria on physico-mechanical and microstructural properties of selected Kenyan made cements.
Commercial Ordinary Portland Cement (OPC) and Portland Pozzolana Cement (PPC) were used
to cast the mortar prisms. The control mortar prisms were prepared using distilled water whereas
the bacteria solutions were utilized as mix water, curing medium or a combination of two. The
test cements were further subjected to 1.5 % sulphuric acid solution as a curing media. Physical
characterization of both control and bacterial test cement pastes was carried out to determine
normal consistency, setting time and soundness. Compressive strength was determined at 2", 71",
28" 56" and 90" day of curing. XRD and FTIR were used to characterize the hydration products
of the test mortars after curing for 28 days. Scanning Electron Microscopy (SEM) was carried out
to study the surface morphology of the hydrated cement mortars after curing for 28 days. Both
control and bacterial mortar prisms were subjected to accelerated chloride and sulphate ingress test
after curing for 28 days. Apparent Diffusion Coefficients (Dapp) Were estimated from the solutions
to Fick’s Second Law of Diffusion. Results showed conformity of physical characteristics of
control and microbial cement pastes to Kenya cement standards. The compressive strength
however decreased significantly for all the bacterial prepared mortar prisms. OPC exhibited the
highest strength decrease of 33.5% at 90™" day of curing when mixed and cured in Starkeya novella
bacteria solution. SEM analysis showed extreme erosion of hydration products with formation of
deleterious expansive ettringite crystals for the bacterial prepared mortars in the pore matrices.
Control mortar prisms exhibited systematic formation of hydration products within the pore
system. Mortars prepared with bacteria solutions as mixing water exhibited pronounced ingress
of chloride and sulphate ions. OPC SK-SK mortars exhibited chloride and sulphate apparent
diffusion coefficients (Dapp) Of 8.2995 x 10719 m?/s and 1.3562 x 10" m?/s respectively. There was
increased water absorptivity in the microbial mortars. OPC SK-SK registered the highest water
absorptivity of 72.75%. The exposed mortar prisms in 1.5% sulphuric acid solution exhibited low
compressive strength at all curing ages with OPC demonstrating the highest decrease in
compressive strength of 73.56% at 90" day of curing. Results from this study show that the
selected bacteria commonly present in sewer systems play a vital role in deteriorating cement-
based materials. This reduces the service life and the durability of the exposed cement structures
with time. The work recommends development of remedial methods to prevent the bacteria attack
on concrete and mortar structures placed in sewer and other aggressive environments.



CHAPTER ONE

INTRODUCTION
1.1 Background
Cement is described as second topmost utilized building constituent on earth after water
(Krishnapriya et al., 2015). Its distinctive properties such as flexible application in a wide range
of environments and high compressive strength makes it the most ideal construction material
(Munyao et al., 2020c). Enormous volumes of concrete and mortar are used across the world in
erection of buildings, bridges, sewer systems and railway lines among other structures (Munyao

et al., 2019; Haifen et al., 2015).

Concrete and mortar made structures are susceptible to deterioration during their service life.
Concrete structures are susceptible to deterioration as a result of chemical, physical and
mechanical effects. Chemical effects like acid corrosion, contribute significantly to the shortening
of the lifetime of concrete structures (Beddoe and Hilbig, 2009). The majority of concrete
structural failures have been attributed to the entry of aggressive external elements such as carbon

dioxide, sulphate and chloride ions (Niloofar et al., 2019; Sumit et al., 2019; Emilio et al., 2008).

Biodeterioration of concrete or mortars also results from secondary products such as biogenic acids
formed by bacteria that cause degradation in concrete or mortar. In countries with warm climates,
deteriorated sewer collecting systems have a considerable influence on public health and
environmental safety (Guadalupe et al., 2010). In sewer pipes and sewage treatment facilities,
hydrogen sulfide gas, moisture and oxygen promote the formation of biogenic acid (sulphuric

acid), which deteriorates the structure via a process known as microbially induced concrete



corrosion (MICC) (Robert et al., 2002; Islander et al., 1991). In some instances, the microbial
attack may result in a reduction of the estimated service life of concrete structures to fewer than

ten years (Jensen, 2009).

Degradation of cement- based materials through MICC has a vast commercial impact globally.
This is because most of wastewater treatment plants, sewage lines and structures in chemically
aggressive areas are made up of cement (Shiping et al., 2010). Generally, the influence of microbes
on concrete deterioration is facilitated by the microbial production of mineral and/or organic acids,
which degenerates the concrete matrix and hence weakens the concrete structure (Rigby, 2010).
Yamanaka et al. (2002) observed that specific environmental conditions perform critical function

in accelerating concrete biodeterioration.

The activities of degrading microorganisms in concrete and mortar-built structures play a vital role
in accelerating other damaging processes such as corrosion of the rebar through chloride ingress
(Tahereh et al., 2017). This is common in marine areas or in structures subjected to deicing salts
(Glass and Buenfeld, 2000). Corrosion of the reinforcement bars lead to loss of structural integrity,
which culminates to structural failure (Emilio et al., 2008). The attack on the concrete and mortar
surface by the acid generated from the microbial activities is more pronounced and deleterious.
This is because the microorganisms uninterruptedly release the corrosive acid on the exposed

concrete surfaces and hence weakening the concrete constituents (Rogers et al., 1996).

Formation of thin invisible biofilms on the surface of cement-based structures by some

microorganisms trigger the deleterious effect and hence compromise on the integrity of such



structures (Escadeillus et al., 2007). Some bacteria species especially Thiobacillus have been
reported to have destructive properties on concrete structures (Okabe et al., 2007; Nica et al.,
2000). According to Roberts et al. (2002), these bacteria thrive very well in sewage systems and

hence any cement-based structure erected near sewage systems is prone to biodeterioration.

Biodeterioration of concrete structures does not occur in freshly placed concrete due to high pH of
cement (Sand et al., 1987). As a result of the carbonation process and hydrogen sulfide
neutralization in the sewer systems, the pH of the placed concrete is gradually reduced (Zhang et
al., 2008; Nielsen et al., 2005; Lahav et al., 2004; Matos and Arires, 1995). Sulphur-oxidizing
bacteria oxidize the unstable hydrogen sulphide to form biogenic sulphuric acid (Satoh et al., 2009;
Vollertsen et al., 2008; Zhang et al., 2008). Biogenic sulphuric acid formed reacts with portlandite
to form additional gypsum. The aluminate phase of the cement further reacts with gypsum to form
ettringite, which is an expansive crystalline material (O’Connell et al., 2010; Saricimen et al.,

2003). The resultant gypsum and ettringite weakens concrete structures (Cwalina, 2008).

The expense of maintaining concrete structures owing to microbial deterioration is often
underestimated as microorganisms frequently speed up processes that would take place at a slower
rate in their absence. Every year, billions of dollars are spent on infrastructure maintenance and
repair due to biodeterioration (Sanchez- Silva and Rosowsky, 2008). Microbial degradation has a
significant effect on not only the longevity and integrity of concrete structures, but environmental
and public safety issues are also a concern since hazardous gases like hydrogen sulphide are
produced (Grengg et al., 2017). Notwithstanding the considerable work done previously,

biodeterioration of concrete and mortar structures remain a major threat on the durability of



cement-based materials. In addition to lack of comprehensive information regarding
biodeterioration, there has been no agreed methods to commendably assess the problem (Min et
al., 2020). This work investigated the influence of Thiobacillus intermedius, Starkeya novella and

Acidithiobacillus thiooxidans bacteria on performance of commercial OPC and PPC.

1.2 Statement of the Problem

Poor craftsmanship, sloppy structural designs and inconsistencies in the quality of aggregates, sand
and mixing water have all contributed to the collapse of cement-based infrastructures in developing
countries like Kenya. There has been minimal or no consideration on the effects of external factors
such as microorganisms found in the concrete environment. Concrete structures placed in
microbial rich environments may be, subjected to microbial attack. Microbial activities in such
environment may affect the properties of the placed concrete /mortar structure. The effect may be
physical, mechanical and/ or microstructural leading to reduced service life of the concrete/mortar

structure.

1.3 Justification of the Study

Structures constructed with cement are prone to deterioration over the course of their lifespan.
Majority of these failures are due to substandard construction and craftsmanship, inadequate
structural design, foundation instability and unexpected loads. While the reduction of the concrete
service life may be through physical and mechanical deterioration influences, the chemical
influences such as acid induced corrosion are among the major features that reduce the life cycle
of concrete. Chemical and physical processes that contribute to structural failures include water

leaching, alkali aggregate reactions, sulphate and chloride attack, freeze-thaw cycling and



corrosion of the reinforcing bars. Structural failures have been reported to cause death and property

loss in Kenya as well as other countries across the world.

While substantial research on the durability of cementitious materials has been undertaken in
Kenya (Munyao, 2015; Ngui, 2015; Mutitu, 2013; Muthengia, 2009), there has been no substantial
work done on microbial contribution on concrete performance. Microbial involvement on
structural performance has been a challenge to assess over a long time due to the versatility of the
involved microbial species and the flexibility of the diverse microbial inhabitants. According to
Bettina et al. (2016), the structural integrity of a building is greatly dependent on the assessment

of the durability of cementitious materials and concrete.

National rules and standards have given minimal regard to concrete biodeterioration. Chapter 4 of
the American Institute of Code Requirements for Environmental Structures (ACI 350-06) specifies
the durability requirements for the concrete mixtures based on their exposure conditions. The
Design Guide for Durable Concrete Structures-Bulletin d’information 182 of the Comite Euro-
International du Beton (CEB) defines biodeterioration as the mechanical or chemical effects of
biological processes on concrete whereas the Kenyan cement standard neither defines nor

describes biodeterioration as a threat to structural durability.

Research into the impact of bacteria on cement mortar and concrete is thus critically needed in
Kenya. This work is expected to contribute to the understanding of the effect of biodegrading
bacteria on structural failures. This may enhance development of mitigation measures to constrain

structural failures due to microbial attack and improve on the life span of cement- based materials.



1.4 Null Hypothesis

Thiobacillus intermedius, Starkeya novella and Acidithiobacillus thiooxidans bacteria have no

significant effect on physico-mechanical and microstructural properties of commercial Portland

cements.

1.5 Objectives

1.5.1 General Objective

To investigate the microbial effects on physico-mechanical and microstructural properties of

commercial Portland cements.

1.5.2 Specific Objectives

To determine the chemical and phase composition of commercial OPC and PPC.

To investigate the effect of Thiobacillus intermedius, Starkeya novella and
Acidithiobacillus thiooxidans on normal consistency, setting time and soundness of
commercial OPC and PPC pastes.

To investigate the effect of the selected bacteria on compressive strength performance of
commercial OPC and PPC mortars.

To investigate the effect of the selected bacteria on microstructure of hydrated mortars of
selected commercial OPC and PPC.

To analyze the water absorptivity and extend of chloride and sulphate ions ingress on

mortars of OPC and PPC when exposed to the selected test bacteria.



1.6 Scope and Limitation

Collapse of cement-made structures in Kenya has become a serious challenge in the building and
construction industry. Notwithstanding the efforts made to ensure that durability of placed concrete
and mortar structures is guaranteed, failures in areas such as septic tanks and underground water
collection points remains a threat. Most of concrete and mortar failures have been associated with
external ingress of materials such as sulphates and chlorides. While studies on biodeterioration
have pointed that some bacteria can cause significant failures of placed cement-made structure,

this area has not attracted much attention.

This work sought to investigate the effect of Thiobacillus intermedius, Starkeya novella and
Acidithiobacillus thiooxidans bacteria present in most of the sewer areas on performance of
commercial Portland cements. The degrading effect of the selected bacteria on the commercial
cements was monitored on compressive strength behaviour of the cast mortars with the bacteria,
setting time and soundness pastes prepared with the bacteria solutions. Further the change in
microstructure of the hydrated mortars made with the bacteria was attributed to the bacteria effect.
The concentration of each test bacteria was only monitored during the initial culturing of the

bacteria before mixing with the test cement.

1.7 Significance of the Study

Structures made with cement either inform of mortar or concrete are perceived to be durable. This
is due to the characteristic nature of Portland cement to gain high strength after placement and its
flexibility to be placed in virtually all environments. During its service life, concrete-based
structures are subject to degradation either through chemical or physical processes. Collapse of

buildings in Kenya has been a serious problem in the recent days. Most of these failures have been



associated with many factors among them poor structural designs, poor workmanship and poor

quality of associated materials such as aggregates, sand and mixing water.

Structural failures due to microbial influence has not been considered as a contributing factor in
collapse of buildings in Kenya. While the Kenyan cement standard neither defines nor describes
the contribution of microorganisms on structural failures, some of the known degrading bacteria
are commonly present in soils and find their way into the mixing water sources during construction
or on the existing structures like sewerage systems. This work will help establish the contribution
of some selected degrading bacteria on the performance of the commercial Portland cements with

a view of recommending proper mitigation measures.



CHAPTER TWO
LITERATURE REVIEW

2.1 Portland Cement

Principally, Portland cement is the powdered product of Portland cement clinker. According to
Kenya cement standard (KS EAS 18-1), Portland cement is defined as a finely ground inorganic
material which when mixed with water sets and hardens by means of hydration process. Portland
cement is a hydraulic binder and the most common used building material across the world
(Munyao et al., 2019; Henk et al., 2010, Rao et al., 2004). BS EN 197-1 (2011) and KS EAS 18-
1 (2017) broadly describes 27 types of cements derived from Portland clinker. Calcium silicates,
calcium aluminates and calcium ferrites from Portland clinker form the main composition of

Portland cement (Bhatty et al., 2004).

The process of manufacturing Portland clinker encompasses the burning of homogenous
calcareous and siliceous raw materials in a rotary kiln at high temperatures of above 1350° C
(Arthur, 2019). The resultant products (clinker phases) form the main composition of Portland
cement (Trevor, 2016). Equation 2.1 -2.5 illustrates the temperature ranges of principal chemical

reactions involved in the kiln (Arthur, 2019).

800 °C -900 °C
CaCO:s Ca0O +CO 2.1

~800°C-900°C ]
2Ca0 +Si0; (Ca0)2.Si0, 2.2

900 °C -1300 °C
3Ca0 + ALO3 (Ca0).AL03 2.3
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900 °C -1300 °C
4Ca0 + Al;O3 + Fe03 (Ca0)4.A1203.Fe;03 2.4

O

~>1300 °C .
CaO + (Ca0),.Si0, ——— (Ca0)3.Si0; 2.5

The high temperatures facilitate sintering of the material, which further partially fuses to form
nodular shaped material commonly referred to as Portland clinker (Newman and Cho, 2003). The
resultant Portland clinker phases and the approximate percentage in mass are summarized in table
2.1 (Hewlett, 2003). These phases play a vital role in defining the physical and mechanical

properties of Portland cement (Munyao, 2015).

Table 2.1 Typical Composition of Portland Clinker

Chemical Mineral Cement Typical Range
Phase

Formula Name Nomenclature | in % by mass
Tricalcium Silicate 3Ca0.Sio2 Alite CsS 45 -65
Dicalcium Silicate 2Ca0.SiO2 Belite C2S 10- 25
Tricalcium aluminate 3Ca0.Al03 Aluminate | C:A 5-12
Tetracalcium Aluminoferrite | 4CaO.Al203.Fe;O3 | Ferrite C4AF 5-15

The estimation of Portland Clinker phases follows a mathematical formulation developed by
Robert H. Bogue (Bogue, 1929). While recent studies have shown that advanced XRD
equipment’s can be used in most cement quality control laboratories to measure the clinker

mineralogy, Bogue calculation remains the most dependable method to estimate the clinker phases
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from the chemical analysis. Equations 2.6 — 2.9 shows the Bogue mathematical model used in

calculating/ estimating the composition of the Portland Clinker phases (Lea, 2004).

C3S = 4.07 (CaO) - 7.60 (SiOz) — 6.72 (Al,03) — 1.43 (Fez03) — 2.85 (SOs) 2.6
C,S = 2.87 (Si0;) — 0.754 (3Ca0.Si0,) 2.7
C3A = 2.65 (Al203) — 1.69 (Fe205) 2.8
C4AF = 3.04 (Fe03) 2.9

In the production of Ordinary Portland Cement, Portland clinker is ground together with 5%
gypsum in either ball mill or vertical roller mill (KS EAS 18:1-2017). The addition of gypsum
(CSH) controls the flash setting of cement mortar/ concrete, improves workability during
placement and lowers the rate of drying shrinkage (Trevor, 2016; Hawkins et al., 2003). According
to Tsamatsoulis and Nicolakakos (2013), the optimization of sulphate content in cement further
defines the strength development of mortar and/ or concrete. Table 2.2 and 2.3 summarizes the
typical chemical and phase composition of Ordinary Portland Cement (OPC) respectively (Trevor,

2016; Neville, 2011).
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Table 2.2 Chemical Composition of Ordinary Portland Cement

Oxide Composition

% w/w Composition

CaO
SiO2
Al,03
Fe203
MgO
SO3

K20 + Na2O

63 - 65

20 - 22

Table 2.3 Phase Composition of Ordinary Portland Cement

Cement Phase | % by Mass Role / Effect on Cement Activity
CsS 55-60 Responsible for early strength development of cement (1-7 days)
C2S 15-25 Responsible for late strength development (28 days and beyond)
CsA 8-12 Responsible for early strength development ( 1- 2 days)
C.AF 9-15 Gives cement colour
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2.2 Mechanism of Portland Cement Hydration

The resultant reaction between water and non-hydrated cement or one of its constituents,
commonly referred to as cement hydration, results in chemical and physico-mechanical changes
that cause the cement to set and harden (James and lvan, 2019). The loss of cement paste plasticity
and subsequent conversion into a solid material is referred to as setting whereas the development
of cement strength of the prepared mortar and/or concrete is referred to as hardening (James and

Ivan, 2019).

When placed in high humid areas, partial hydration of cement may occur resulting in reduced
physical and mechanical properties. This is the reason why cement must be kept in a dry place
before placement and/or application (KS EAS 18-1 2017). According to BS EN 197-1 (2011) and
KS EAS 18-1 (2017), water-cement ratio of 0.5 is recommended for a complete hydration of
cement mortar. Portland cement hydration involves reaction chains between specific clinker
phases, gypsum as hydrated calcium sulphate (CSH2) and water. These reactions proceed
concurrently and sequentially at different rates while influencing each other in complex ways. The
major phases and compounds involved includes Alite (CsS), Belite (C.S), Aluminate (C3A), Ferrite
(C4AF), free lime, alkali sulfates (Na2SOs and K2SOs4) and calcium sulphate in the form of
dihydrate, hemihydrate or anhydrite interground with clinker and mixing water (Peter and Martin,

2019).

The dissolution rate of clinker phases and CSH> controls the initial hydration process. As the
hydration process progresses, nucleation and crystal growth of the formed hydrate phases control

the hydration. Further, the rate of hydration is, controlled by the diffusion rate of water and
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dissolved ions (Juilland et al., 2010). The hydration of Portland cement paste at ambient
temperatures follows a series of stages categorized as pre-induction, induction, acceleration and

post-acceleration periods (Peter and Martin, 2019).

2.2.1 Pre-Induction Period

The pre-induction period occurs within the first minutes after mixing cement with water. When
cement is exposed to water, the ionic species present in the cement dissolves into the liquid phase
leading to formation of hydrate phases. Alkali sulphates available in the cement dissolve fully
within seconds contributing K*, Na* and SO4% ions. The dissolution of calcium sulphate occurs to
saturation hence contributing Ca?* and extra SO4% ions. The dissolving of C3S occurs easily hence,
allowing the precipitation of calcium silicate hydrate phase at the surface of the cement particle.
Since the CaO/ SiO; ratio of the formed hydrate is lower than that of C3S, the hydration of CsS is
linked with an increase of Ca?* and OH" concentration in the liquid phase. While the silicate phases
infiltrate the liquid phase simultaneously with Ca?* and OH-, their concentration remains very low.
According to James and Ivan (2019), the portion of CsS hydrated in the pre-induction stage is

estimated to be between 2-10 %.

The dissolution of C3A phase and subsequent reaction with ions of calcium and sulphate in the
liquid phase results in formation of ettringite (AFt). An additional AFt is formed from the reaction
of C4AF phase in the same way as C3A. The formed AFt precipitates at the surface of the cement
particles. The quantity of CsA hydration in the pre-induction stage depends on the cement type
and is estimated to range between 5 - 25% (Juilland et al., 2010). At this stage, AI** concentration

in the liquid phase remains very low. In this period, the contribution of BC>S is insignificant in
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formation of C-S-H, calcium ions and hydroxyl ions in the liquid phase. Continual development
of hydration products on cement particle surface slows down fast hydration reaction and as such,
a barrier is formed between the non-hydrated material and the bulk solution (Tang et al., 2017).
This occurrence causes a proliferation in the concentration of dissolved ions in the liquid phase on
instantaneous contact with the non-hydrated material to values closer to the theoretical solubilities

of anhydrous compound (James and Ivan, 2019).

2.2.2 Induction Period

The induction period, also referred to as dormant period, occurs within the first few hours of
cement hydration. After a brief burst of rapid hydration, the general rate of hydration drops
substantially for a period of a few hours. This stage is characterized by sluggish hydration of all
clinker phases (Over, 2012). In this stage, calcium hydroxide (CH) concentration in the liquid
phase reaches the maximum limit and gradually begins to reduce whereas the SO4% concentration
remains constant as the portion consumed in the formation of AFt is substituted by dissolution of
additional amounts of calcium sulphate (Zeng et al., 2012). According to Young et al. (1977), the
termination of induction period and the initiation of the main reaction is mainly due to the

nucleation of the ‘second- stage’ C-S-H phase from the bulk liquid.

2.2.3 Acceleration Period

The acceleration period occurs within 3 — 12 hours after mixing cement with water. The hydration
growth accelerates afresh and is managed by the nucleation and the growth of the resultant
products (Scrivener et al., 2015). The secondary acceleration of the C3S results in formation of the

‘second- stage’ C-S-H (Scrivener et al., 2015). A significant amount of BC2S undergoes hydration
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in this stage. Further, the crystalline portlandite (CH) precipitates from the liquid phase resulting
in decline in Ca?* ion concentration in the liquid phase (Huang et al., 2017). The gypsum inter-
ground with the cement inform of hydrated calcium sulphate (CSH2) dissolves entirely leading to
reduction of SO42 concentration ions in the liquid phase. This is because of AFt formation as well

as due to the adsorption of SO4% on the surface of the formed C-S-H (James and Ivan, 2019).

2.2.4 Post-Acceleration Period

According to Scrivener et al. (2015), the rate of hydration declines gradually in post acceleration
stage as the quantity of unreacted materials drops. The rate of hydration process in this stage is
thus controlled through diffusion. The continued hydration of C3S and BC>S results in continued
formation of C-S-H. The involvement of BC2S to this process increases with time and as a result,
the rate at which extra calcium hydroxide is formed decreases. As a result, the AFt phase formed
in previous stages of hydration begins to react in a through-solution reaction with additional C3A

and Cz (A, F) generating monosulphates (Juilland et al., 2010).

Water-cement ratio plays a vital role in determining the extent of Portland cement hydration. With
initial high water-cement ratio, the hydration process continues until all the cement particles are
exhausted. Nonetheless, the residue of large cement particles may persist even in mature pastes.
When the water-cement ratio is low, the hydration reaction may not proceed to completion. This
may be caused by the presence of substantial quantities of non-reacted materials (Scrivener et al.,
2015). Upon the completion of the hydration process, an ageing of the hydrated material may

possibly occur. The ageing process is characterized by an additional poly-condensation of
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tetrahedral SiO4, which is present, and an increase of the average SiO4 chain length in the C-S-H

phase formed (Chen and Odler, 1992).

2.3 Degradation of Cement-Based Structures

When correctly designed, placed and cured, concrete remains the intrinsic durable material.
However, during its service life, concrete and/ or mortar is subject to physical and /or chemical
attack upon exposure in various environments. The nature of attack may target the cement, the
rebar or the aggregates ultimately leading to the reduced service life of such cement-based

structures (Lea, 2004).

2.3.1 Physical Attack

2.3.1.1 Freezing and Thawing

Concrete structures placed in extreme cold areas lose their mechanical properties due to freeze and
thaw cycles (Zeinab and Tamer, 2018). According to Vimal (2009), concrete failure due to freeze
and thaw is caused by pressure generated by the expansion of water. Freezing and thawing is
common in areas, which experience severe winter seasons such as parts of Asia, North America
and countries in North Europe (Vimal, 2009). This mode of concrete failure can be prevented by

use of air entraining chemical admixtures (lan et al., 2019).

2.3.1.2 Salt Crystallization
When concrete and mortar come in contact with water, either mixing water, curing water or runoff
water with significant amounts of dissolved salts, the salts infuse in the concrete and mortar matrix.

Upon evaporation of the water either unceasingly or sporadically, the salts crystallize in the pores
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and the slow pressure buildup of the salts cause surface scaling. A significant damage on such

concrete structures may be caused by the salt crystallization pressure (Thaulow and Sahu, 2004).

Salt crystallization on concrete surfaces depend on water and the evaporation rate. When water on
concrete surface is supersaturated, the high evaporation rates cause crystallization just underneath
the concrete surface. This may lead to severe deterioration (Liu et al., 2012). This physical mode
of concrete is mostly observed in marine areas where concrete is exposed to consistent sequences

of wetting and drying (Liu et al., 2012).

2.3.2 Chemical Attack

2.3.2.1 Efflorescence and Leaching

Efflorescence and leaching mode of chemical attack also referred to as lime bloom occurs when
the dissolved salts are leached out of the concrete surface and the subsequent reaction with the
atmospheric carbon dioxide. It is common in areas where water permeates through the concrete
especially on the downstream or in circumstances where there is an alternate moistening and
drying of concrete surface. Efflorescence principally comprises of CaCO3 as a whitish deposit on

the concrete surface (Sidney, 2019).

Ca(OH)2 + CO2 — CaCOs + H20 2.10

Additionally, the gypsum added to regulate the workability and the setting of the cement may as

well be precipitated on the surface of concrete after water evaporation. Whereas efflorescence is

not a major threat on structural integrity, it signals a significant leaching within the concrete. In
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extreme situations, it may facilitate the increase in concrete porosity and permeability. This results
in formation of suitable pathways for ingress of harmful materials such as chlorides and sulphates

into the concrete matrix (Ekstrom, 2001).

2.3.2.2 Sulphate Attack

Sulphate attack is regarded as the most comprehensive mode of chemical attack on concrete. This
is due to availability of sulphate ions in most soils and mixing waters commonly used in mixing
cement mortar/concrete (Sidney, 2019). Sulphate attack entails a chain of chemical reactions
between sulphate ions and the principal constituents of cement paste (Tixier and Mobasher, 2003).
Ingress of sulphate ions in concrete and /or mortar triggers structural degradation (Munyao et al.,

2019; Cheng et al., 2015).

The mechanism of sulphate attack is initiated either through internal or external sources (Taylor,
1997). For instance, in external sulphate attack, the migration of sulphate ions into the concrete
matrix goes along with imperceptible dissolution of CH and decomposition of C-S-H phases.
Presence of sulphate ions in environments with pH below 7, results in formation of CSHz, which
causes expansion, spalling and strength, decline. Due to the acidity of the environment, portlandite
is, completely removed from the cement paste. The removal of portlandite promotes

decomposition of C-S-H that causes loss of adhesion and stiffness (Irassar, 2009).

Internal sulphate attack results in decline of lime silica (C/S) ratio. The removal of the increased
amount of Ca?* from the cement-based structure causes strength loss of the hardened paste (Tixier

and Mobasher, 2003). Further, the simultaneous formation of ettringite crystals and successive
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volumetric strains in the hardened paste causes expansion and micro cracking of concrete. This
phenomenon limits the long-term durability of such concrete based materials. (Cheng et al., 2015;

Clifton and Ponnersheim, 1994).

Generally, sulphate attack is more prone to portlandite and alumina phases of hydrated Portland
cement (Kumar and Paulo, 2006). The alumina phase in form of C3A serves as a point of attack
by sulphate ions (Munyao, 2015). The hydration of Portland cements with more than 5% C3A
contains most of the alumina in the form of mono-sulphate hydrates, C3A.CS.His. When the C3A

content increases above 8 %, the hydration products will also contain C3A.CH.Hs.

The availability of CH in the hydrated Portland cement paste facilitates the conversion of the two-
alumina containing hydrates (C3A.CS.Hig and C3A.CH.Hig) into ettringite, C3A.3CS.Hs2 in
presence of sulphate ions. Ettringite is associated with expansion and spalling of concrete made

structures. Equations 2.11 and 2.12 below describes the formation of ettringite (Kumar and Paulo,

2006).
C3A.CH.His + 2CH + 3S +11H — C3sA.3CS.Hz 2.11
C3A.CS.Hig + 2CH +25 +12H — C3A.3CS.Hz 2.12

Subject to the cation type associated with the sulphate solution (Na*, K*, and or Mg?*), both CH
and C-S-H present in the hydrated Portland cement paste may be converted to CSHz as shown in

equations 2.13 — 2.15 (Taylor, 1997).
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Na,SO4 + Ca(OH); +2H20 — CaS04.2H,0 +2NaOH 2.13
MgSO4 + Ca(OH), + 2H,0 — CaS04.2H20 + Mg(OH), 2.14
MgSO4 + 2Ca0.SiOz2. 3H20 +8H20 — 3(CaS04.2H20) + 3Mg(OH)z + 2Si02.H20 2.15

In equation 2.13, the formation of NaOH as a by-product increases the alkalinity of the resultant
solution. The high pH is critical in providing stability of the C-S-H. When sulphate ions are
accompanied by Mg?*, the conversion of portlandite to gypsum results in formation of insoluble
magnesium hydroxide as a by-product. The formation of Mg(OH). reduces the alkalinity of the
system hence lowering the stability of C-S-H. The resultant calcium silicate hydrate is further
attacked by the magnesium sulphate solution as shown in equation 2.15. This phenomenon makes
magnesium sulphate attack more severe on concrete than any other form of sulphate attack (Taylor,

1997).

2.3.2.3 Chloride Attack

Chlorides are classified as among the most aggressive ions, which cause fast corrosion of
reinforced concrete made materials (Wieslaw, 2014). A freshly placed concrete and/mortar is
resistant to chloride attack (corrosion). This is because the composition of concrete is vastly basic
with an approximate pH of 13 in the pore solution. The high pH is due to the presence of
hydroxides of sodium and potassium hydroxides in the pore solution and the vast volume of

portlandite (CH) ensuing from hydration reactions (Sidney, 2019).
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The concentration of the chloride ion in contact with concrete and the accompanying cation
influences the rate of chloride attack (Wieslaw, 2014). Chlorides may enter concrete through
various sources among them mixing water rich in chloride ions, accelerating admixtures added to
improve on the early strength of cement mortar/ concrete such as calcium chloride, de-icing salts
used in pavement and bridge decks among other sources (Munyao, 2015). While chlorides induce
corrosion of the rebar, in some instances where there is no reinforcement, chloride based salts are
added as concrete admixtures to improve on the mechanical properties of cement (Nielsen and

Geiker, 2003).

The ingress of chloride ions into the cement matrix is largely reliant on the type of the cement and
the chloride binding ability (Marinescu and Brouwers, 2009). When chlorides ingress into the
rebar, they destroy the passive iron oxide film. This leads to corrosion of the steel/ rebar. Corrosion
results from the formation of the soluble iron-chloride complex that results in the deposition of
loose porous rust on the surface of the rebar and releases chloride to continue the attack as

illustrated in the mechanism below (Sidney, 2019).

Fe?* + CI — [ FeCl complex]* 2.16

[FeCI]" +20H" — Fe(OH), + CI 2.17

Chloride attack results in the corrosion of the reinforced concrete structure. Corrosion of concrete

results in the creation of rust as a result of an expansive reaction, which eventually results in

spalling of the concrete above the rusting rebar and cracking (Sidney, 2019). This process is,
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followed by loss of the steel cross-section area due to corrosion, leading to a decline in the load
bearing capacity of the section (Wieslaw, 2014). The formed cracks serve as a suitable channel for
the entrance of other harmful materials, which influences further deterioration of the concrete.
Corrosion of reinforced concrete is frequently, experienced in highway structures and bridges, in

parking garages and in marine environments (Sidney, 2019).

2.3.3 Biodeterioration of Concrete and Mortar Structures

Microbial attack on concrete and mortar results in a degradation process known as microbially
induced concrete corrosion (MICC) (Min et al., 2020). MICC is a precise common degradation
for concrete and mortar structures exposed to sewer environments (Sanchez —Silva and Rosowky,
2008; Robert et al., 2002; Monteny et al., 2000; O Connel et al., 2000). Concrete and mortar
deterioration due to microbial attack has been one of the major challenges facing modern society

subsurface infrastructure (Grengg et al., 2017).

MICC results in increased cost of repair on the damaged structures as well as significantly
contributing to health-related issues and the pollution of the environment through the emission of
toxic gases such as hydrogen sulphide (Grengg et al., 2017; Jiang et al., 2017). Presence of high
concentration of hydrogen sulphide gas, low pH and high moisture content in sewer systems offer
a suitable environment for the growth of the deleterious microbes that reduce the concrete/mortar
service life with time (Shipping et al., 2013; Crispim and Gaylarde, 2005; Crispim et al., 2003;

Gaylarde et al., 2003).
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Hydrogen sulphide gas (H2S) generated in the sewer systems facilitate the corrosion of concrete
(Xuan et al., 2019). The production of H2S by sulphur reducing bacteria (SRB) and the subsequent
oxidation of the formed H.S gas by sulphur oxidizing bacteria (SOB) produces biogenic sulphuric
acid (Li et al., 2017). Sulphur oxidizing bacteria converts both organic and inorganic sulphur
compounds in the sewer system to generate biogenic sulphuric acid (Wei et al., 2010).
Chemolithotrophic sulphur oxidizing bacteria of the genus thiobacillus are the most destructive

biological agents that stimulate degradation of cementitious materials (Robert et al., 2002).

The microbial generated sulphuric acid attacks the soluble constituents of the cement resulting to
formation of expansive products that result in cracking (Negar and Nemkumar, 2019). The
formation of cracks offer suitable conduits for faster diffusion of microorganisms and corrosive
materials such as chlorides and carbon dioxide into the interior of the concrete. The entry of these
materials into the concrete matrix lowers the concrete pH (Negar and Nemkumar, 2019). The low
pH allows the passive film on the rebar to dissolve hence quickening the corrosion of the
reinforcing bars. This action ultimately results in reduced service life of the exposed mortar and

concrete structures (Munyao et al., 2020; De Windt and Devillers, 2010).

Due to high alkalinity, fresh concrete is typically immune to microbial attack. The high alkalinity
is due to the presence of sodium and potassium hydroxides as well as a high concentration of
calcium hydroxide from the hydration process (Sidney, 2019; Sand, 1987). Roughness on the
concrete surface is caused by the friction of structural elements with other materials and/or the
erosive action of water. Along with the presence of moisture and nutrients, this environment

favours the microbial colonization on the concrete surface. Colonization of concrete by sulphur-
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reducing and sulphur-oxidizing bacteria has been linked to the environmental sulphur cycle

(Yilmaz, 2010; Satoh et al., 2009).

2.3.3.1 Process of Biodeterioration

Biodeterioration of concrete and mortar structures is a complex mechanism which involves
biological, chemical and electrochemical processes (Song et al., 2019; Grengg, 2018; Wu et al.,
2018; Lietal., 2017; Sun et al., 2016; Sun, 2015; House, 2013). The initiation and propagation of
MICC process for the concrete and mortar follows a series of stages/ phases (Sun, 2015; House,

2013; Yuan, 2013; O’Connell et al., 2010; Wells et al., 2009).

Concrete deterioration is caused by the metabolic products resulting from microbial activities. This
occurs when degrading bacteria colonize the exterior of the exposed concrete surface (Satoshi et
al., 2007). Sulphuric acid is formed from various types of sulphur in the environment depending
on the bacteria that are present. Hydrogen sulphide, produced by sulphur reducing bacteria present

in sewer systems is responsible for the production of biogenic sulphuric acid (Min et al., 2020).

Formation of the aqueous hydrogen sulphide in the sewer systems is fundamental in inducing
corrosion process on exposed metal and concrete or mortar material (US environmental protection
agency, 2010). Equation 2.18 describes the postulated formation of the aqueous hydrogen sulfide

in a typical sewer / wastewater system (House and Weiss, 2014).

SO, +2C (Organic Matter )+ 2H OﬂZHCO +H,S 2.18
4 2 3 27(aq)



26

Sulphates and sulphur comprising materials like amino acids and proteins are present in most
wastewater sewers (Sun, 2015). The concentration of the sulphate content (SO4%) in domestic
wastewater serving as the main source of sulphur ranges from 40-200 mg/L (Zhang et al., 2008).
In a typical sewer system, the sulphur reducing bacteria (SRB) reduces sulphate into sulphide as
shown in equation 2.18. The reaction proceeds in sediments and biofilms through anaerobic
environment (Min et al., 2020; Kong et al., 2018; Sun, 2015; House and Weiss, 2014; O’Connell
et al., 2010; Zhang et al., 2008). Presence of organic substances available in wastewater systems

serve as the food supply for the SRB (Sharma et al. 2008).

The radiation of the formed aqueous hydrogen sulphide (H2Sq) is affected by wastewater pH, the
phase balance on gas and liquid status, discharge agitation and weather condition. Equations 2.19
and 2.20 describes the reaction equilibria of aqueous hydrogen sulphide in wastewater (House and

Weiss, 2014; Zhang et al., 2008, Yang et al., 2005).

HoS <> HS + H* 2.19

HS «> H* + S* 2.20

The formation of the hydrogen sulphide depends largely on the pH of the wastewater. Figure 2.1

gives the relationship of some strains of sulphur and the pH of the solution at equilibrium (Min et

al., 2020; House and Weiss, 2014).
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Figure 2.1 Relationship on pH of the solution and sulphur strains in equilibrium at 25° C (Min et

al., 2020; House and Weiss, 2014).

As illustrated in Figure 2.1, virtually, all the sulphur species occur as aqueous hydrogen sulphide
(H2S(aq)) at pH below 6 with a notable shift of the sulphur species occurring as HS™ at pH 9 (Min
et al., 2020). According to the work done by Zhang et al. (2008), the authors reported that S*
sulphur species are not considered owing to their irrelevance even at high pH. Based on the
research findings by House and Weiss (2014) and Firer et al. (2008), the pH of the municipal water
was found to range between 6-8 forming a suitable environment for the dominance of aqueous

hydrogen sulphide species. At the headspace of the sewer system, the gaseous hydrogen sulphide



28

builds up depending on the ventilation conditions and the turbulence of the wastewater (House,

2013).

2.3.3.2 Production of Biogenic Sulphuric Acid

The generation of the biogenic sulphuric acid occurs through a series of abiotic and biotic reactions
within the sewer system (Yang et al., 2005). The formed acid induces corrosion of the exposed
concrete and mortar. The entire corrosion process of the exposed concrete and mortar has been
largely regarded as a three-step model with sulphur oxidizing bacteria playing a vital role in the
entire process (Grengg et al., 2018; Roberts et al., 2002; Islander et al., 1991). Growth and
multiplication of sulphur oxidizing bacteria (SOB) on concrete and mortar structures is initiated

when the pH falls to approximately 9 (Roberts et al., 2002).

The first stage involves reduction of pH as a result of carbonation of the placed concrete /mortar
and subsequent reactions of hydrogen sulphide in the sewer or wastewater system (Sun, 2015; Jana
and Lewis, 2005; Roberts et al., 2002; Davis et al., 1998). Other than CO. and H>S, production of
other acids such as acetic, oxalic and glucuronic by some fungus present in fresh sewer system
could lead to initial pH reduction of concrete and mortar (Gu et al., 1998). The pH reduction
provides suitable environment for the growth and colonization of SOB, which induces MICC

(Joseph et al., 2012).

In some circumstances, when the concentration of H>S is above 600 ppm, SOB could directly
oxidize hydrogen sulphide gas to form sulphuric acid through biotic reactions and actively reduce

the concrete surface pH (Yamanaka et al., 2002). This implies that there is a possibility of
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introducing biotic reactions at the initial stages of concrete and mortar corrosion. Generally, stage

1 involves mostly abiotic reaction with minimal biological activities (Min et al., 2020).

Collection of some sulphur oxidizing bacteria in presence of adequate moisture, nutrients and
oxygen are capable of colonizing concrete surfaces and oxidize the available hydrogen sulphide
gas (Xuan et al., 2019). Colonization of SOB fundamentally relies on the concrete /mortar surface
pH and the substrate appropriate for a particular microbe. A summary of sulphur oxidizing bacteria
which have been identified and reported from corroded concrete and mortar layers along with their
respective sulphur substrates as source of energy are tabulated in table 2.4 (Min et al., 2020; Sun,

2015).
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Table 2.4: Biological features of sulphur oxidizing bacteria established within rust coatings (Min

et al., 2020; Sun, 2015).

Sulphur Oxidizing Bacteria Species | Recommended Sulphur Result
pH to develop Substrate
Thiobacillus thioparus 6-10 H.S, S°, Polythionic
S,03% acids, S°
Halothiobacillus neapolitanus 6 -8 S°, $,032- Polythionic
(previously, Thiobacillus acids, SO4*
neapolitanus)
Starkeya novella (Previously, 6-8 S203% sY
Thiobacillus novellus)
Starkeya intermedius 5-7 S205% Polythionic
acids, SO4*
Thiobacillusplumbophilus 4-6.5 H2S -
Acidiphiliumspp. (previously, 3-10 H,S, S° SOs*
Thiobacillusacidophilis)
Thiomonasspp. (Previously, 3-9 H,S, S205% S0 SO4*
Thiobacillusintermedius)
Acidithiobacillus ferrooxidans ~3 H2S S, SO
(Previously Thiobacillus
ferrooxidans
Thiobacillus acidophilus ~3 H2S S°,S04*
Acidithiobacillus thiooxidans <3 H,S, S° S°, S,03%
Sulfobacillus spp. 1-3 H2S, S,03* -
Thermothiobacillus Poorly H2S, S,03% S04*
Characterized SnOs*
Metallibacterium spp. Identification not well done
Burkholderiales spp. Identification not well done
Sphingobacteriales spp. Identification not well done

Xanthomonadalesspp. Nonculturable
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Stage two involves colonization and oxidation of hydrogen sulphide by neutrophilic sulphur
oxidizing bacteria (NSOB). Thiobacillus thioparus, one of the most common NSOB has the ability
to colonize concrete surface and oxidize H>S diffused into the condensed film at a pH of
approximately 9. As described in table 2.4, oxidation of hydrogen sulphide gas results in formation
of several sulphur states. The activity of Thiobacillus thioparus further lowers the surface pH of
the concrete /mortar, making the environment more conducive for further colonization of the

NSOB on the concrete surface (Yousefi et al., 2014).

Facultative heterotrophs such as Thiomonas intermedius, Starkeya novella and Halothiobacillus
neapolitanus colonize concrete surfaces at a much lower pH (George et al., 2012; Herisson et al.,
2012). Lowering pH either because of microbial activity, carbonation or other activity creates a
suitable environment for colonization of NSOB. However, as the pH decreases towards 4 ~5, the
activity of NSOB is slowly subdued allowing the colonization of acidophilic sulphur oxidizing

bacteria (ASOB) on the surfaces of the exposed cementitious materials (Grengg et al., 2018).

Stage three of concrete corrosion due to MICC is the most damaging stage. According to Min et
al. (2020), ASOB can directly oxidize hydrogen sulphide gas into sulphuric acid. Additionally,
ASOB can oxidize thiosulphate (S;0s%) and elemental sulphur (S°) accumulated on sewer walls
following the direct oxidation of hydrogen sulphide gas by atmospheric oxygen. Activities related
to acidophilic sulphur oxidizing bacteria reduces the pH further to approximately 1~2.
Acidithiobacillus thiooxidans, Acidithiobacillus ferrooxidans and Acidiphilium spp, are among the
most described prevailing acidophilic sulphur oxidizing bacteria (Li et al., 2017; Cayford et al.,

2012; Nica et al., 2000; Dauvis et al., 1998; Islander et al., 1991).



32

The resultant low pH values in the sewer system makes ASOB colonize and become the most
dominant microbes on the surfaces of the cementitious materials. At this stage, the activities of
ASOB results in generation of biogenic acid (Sun, 2015). The formed biogenic sulphuric acid
reacts with calcium carbonate, calcium hydroxide and calcium silicate hydrate (C-S-H). These
reactions result in formation of secondary gypsum as shown in equations 2.21 — 2.23 (Giradi and
Maggio, 2011; Wells et al., 2009; Ramsamy, 2006; Monteny et al., 2000). Consequently, the
formed gypsum reacts with the calcium aluminate phase to form ettringite as represented in

equation 2.24 (Haifen, 2013).

H,SO, + CaCO, — CaSO, +H,CO, 2.21
H,SO, +Ca(OH), — CaSO,.2H,0 2.22
H,S0, + Ca0.Si0,.2H,0 — CaS0, + Si(OH), + H,0 2.23
3CaSO, +3Ca0.Al,0,.6H,0 + 26H,0 — 3Ca0.Al,0,.3CaS0,.32H,0 2.24

The above reactions are dependent on pH which varies with distance from the sewer depth. The

products are thus formed as layers on concrete as illustrated in figure 2.2.
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Figure 2.2: Simplified interpretation of various regions in the deteriorated concrete films (Min et

al., 2020)

The formation of secondary gypsum as described by equations 2.21 — 2.23 occurs at low pH of
approximately 3, hence forms at the surface of the corrosion layer (Sun, 2015). Studies done by
O’Connell, (2010), Okabe et al. (2007) and Davis et al. (1998), reported that, white and mush
looking like material with no cohesive properties characterized the formed secondary gypsum at
the surface of the corroded concrete and mortar material. According to Parande et al. (2006), the
formed gypsum causes approximately 120 -220 % volume expansion of the attacked concrete

material.

Ettringite crystals occur at high pH. This happens within the deeper sections of the concrete
(O’Connell, 2010; Marchand et al., 2003). The formation of ettringite through the reaction of

gypsum and tricalcium aluminate as described in equation 2.24 causes more destruction to the
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concrete and mortar (Monteny et al., 2000). The formation of ettringite causes serious expansion
of the exposed concrete and mortar. The approximated expansion due to ettringite formation
ranges from 227-700% (Sun, 2015; Parande et al., 2006). The expansion facilitates internal
cracking and pitting of exposed concrete. The created cracks provide excellent paths for the entry
of other harmful materials into the concrete structure such as carbon dioxide, sulphates and

chloride ions (Wells et al., 2009).

Whereas, gypsum and ettringite formation in the sewer environments are the main corrosion
products, crack development at the corroding front of the reinforced concrete is mainly attributed
to the dissolution of iron salts in the cement pores followed by rust precipitation (Sun, 2015). The
formation of rust causes micro cracking at the corroding front (Jiang and Yuan 2014). The micro

cracking due to iron precipitation is illustrated as the transition zone in figure 2.2.

2.4 Factors that influence Microbial induced concrete corrosion

Concrete and mortar disintegration due to microbial attack has primarily been associated with
generation of biogenic sulphuric acid in sewer systems. The total service life or the durability of
placed cement structures in sewer areas has been lowered due to microbial influence. Table 2.5
summarizes the effect of the influencing factors on determining the rate of MICC (Min et al.,
2020). As shown on table 2.5, there are factors that influence MICC rate positively (denoted as +),
whereas those that have negative influence on MICC rate (denoted as -), and the factors which are

obscure (denoted as NA).
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Table2.5: Main factors affecting MICC rate in concrete sewers (Min et al., 2020)

Factor

Description

Effect!

Reference

Waste -water characteristics

More sulphates provide more food to SRB for reduction, thus

Sun, 2015; House,

and ratio of water
to cement

Sulphate content | o sulphide formation 2013
Immense D.O, limits the action of SRB hence subsequently i House. 2013
Dissolved lowering the transformation of sulphates into sulphides. ’
Oxygen (D.0) High D.O increase the oxidation of aqueous H,S hence lowering ] Wu et al.. 2018
the volume of aqueous H.S present in sewers B
Biochemical High B.O.D implies nutrients available for the bacteria to Wu et al., 2018;
Oxygen Demand deplete DO, thus promoting sulphide generation * House, 2013
(B.O.D) ’ ’
House and Weiss,
H Elevated pH doesn’t favour additional aqueous H,S portion in i 2014; Zhang et al.,
P the equilibria, hence preventing the H,S gas build up 2008; Yang et al.,
2005
Extreme temperatures increase the activity of the microbes in + Wu et al., 2018;
the slime layer. This promotes H,S gas formation House, 2013
Temperature .
P Elevated temperatures promote the discharge of aqueous H-S to + Wu et al., 2018;
the sewer gaseous phase House, 2013
Surrounding Factors
. - Generally, an elevated R.H favours condensation of the moisture Wu e_t al., 2018 f
Relative-humidity . o Saucier and Herisson,
on the walls of the sewer enabling development of biofilms. As + ) i
(R-H) a result, H,SO, production is increased 2015; Sun, 2015 ;
» H2obap ' Islander et al., 1991
. Elevated temperature accelerates the activity of the microbes Sun, 201?; Jo_se_ph et
Temperature in . : al., 2012; Saricimen
within biofilms of sewer-walls hence speeding up the rates of + .
the atmosphere . and Maslehuddin,
corrosion
1987
Properties of concrete
House, 2013 ;
Alkalinit The alkaline nature of concrete allows reaction of the concrete i Scrivener and De
y constituent materials with the produced bio-acids. Belie, 2013; De Belie
etal., 2004
Calcium Chemistry configuration of CAC types offer improved Saucier et al., 2015;
aluminate cement | resistance to microbial induced corrosion in comparison to the - Scrivener and De
types (CAC) conventional cements Belie, 2013
Generally, geo-polymers have shown improved performance in Gren_gg etal, 2015_3; .
Geo-polymer - . - Provis et al., 2015; Shi
comparison to Portland cements under acid attack
et al., 2000
Supplementary There has been no documented clarification on the performance
cementitious of secondary cementitious materials when subjected to microbial .
. . Hewayde et al., 2007;
materials, porosity NA

Monteny et al., 2000
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Condition of
ventilators

gaseous stage

Microbes
Sulphur Sulphur reducing bacteria hastens generation of aqueous H,S.
) . - : I . - House, 2013
Reducing Bacteria | This process enhances microbial induced corrosion
Sulohur Oxidizin Generally, sulphur oxidizing bacteria encourages oxidation of
phu g gaseous H2S. This results in generation of more volumes of + Wu et al., 2018
Bacteria L L . . .
sulphuric acid causing increased microbial induced corrosion
Some of the bacteria are identified as SRB or SOB, while the
Others possible effects of other bacteria or microorganisms are not NA | Guetal., 1998
known
Hydraulics and design
Elevated turbulence increases liquid-gas surface area for H,S to + Wu et al., 2018;
be released to the gas phase House, 2013
Turbulence (flow High \éelc]:mty enc%urﬁges.re]aergélop which \IN_III Igad t%the . Wu et al., 2018;
velocity) growth of SOB and chemical oxidation, resulting in enhance + House. 2013
potential for the generation of rate of H,SO4 '
!—hgh_velocny affects th(_a thlckness_ of the slime layer, which may NA House, 2013
impair sulphide generation and build up
An extended time of retention results in consumption of D.O in
wastewater, hence increased discharge of H.,S to sewer-head + House, 2013
zone
Time of Retention ; ; : :
An extended time of retention loosens the slime layer, this )
. Wu et al., 2018;
allows a pathway for penetration of sulphates and thus + House. 2013
promoting activities of SRB. ’
(i) Sufficient ventilators promote discharge of aqueous H2S to + House, 2013

(ii) With sufficient ventilators, the gaseous phase concentration
of H,S is limited. This may result to lowered rates of microbial
induced corrosion.

Grengg et al., 2018

While much research has been conducted on various modes of concrete failures, it is important to

acknowledge that biodeterioration remains a global threat on structures placed in sewer prone

areas. The activities of bacteria in sewer and /or septic systems remain of significant importance

in defining the durability and service life of cement - based structures. Some structural failures

have suggested the possibility of the bacteria attack on cement material in sewer and water

treatment plants. The extent in which different strains of bacteria colonize and ingress into the
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concrete and mortar structures to cause deterioration is still a subject of debate. Concrete and
mortar failures in aggressive environments may be due to physical, chemical or mechanical factors.
The understanding on the interaction between the bacteria and the cement constituents is critical

in defining the type of failure due to bacteria attack.

2.5 Fundamental Analytical Techniques

2.5.1 X-Ray Fluorescence (XRF)

XRF is a superior analytical technique used to determine the chemical composition of virtually all
kinds of materials. It is a fast, accurate and non-destructive method with minimal sample
preparation (Peter, 2003). The XRF technique applies the mutual fundamental principles, which
encompasses interactions between beams and X-rays. The interaction of atoms with the radiation
makes it possible for determination of main and minor elements in topographical materials by

XRF.

Short wavelength radiation such as X-rays ionize the test materials. The inner shell electron is
extricated and this makes the atom unstable. The outer shell electron replaces the missing inner
electron. This results in release of energy since the inner shell electron is more strongly bound as
compared with the outer electron shell (Skoog et al., 2007). The primary incident X-ray referred
to as fluorescent has higher energy than the emitted radiation. With known and fixed energy
differences between electron shells, the emitted radiation always has characteristic energy and the
resulting fluorescent X-rays can be used to detect the abundances of elements that are present in

the sample (Steven, 2011).
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2.5.2 X-Ray Diffraction (XRD)

XRD is a convenient analytical method commonly used in characterization of crystalline, fine-
grained materials such as cement (Scrivener et al., 2017). When compared to other classical
quantitative analytical techniques such as Bogue calculation and optical spectroscopy, XRD offers
a wide range of advantages such as ease in handling, accuracy and faster generation of results
(Snellings et al., 2014; Aranda et al., 2012; Le Saout et al., 2011). Just like the other kinds of
electromagnetic radiation, the passage of X-radiation through a crystalline sample causes partial
scattering of X-rays. This is due to the interaction between the electric vector of the radiation and
the electrons in the atom of the crystalline sample (Skoog et al., 2007). The scattering of the X-
rays by the ordered environment in a crystal, results in constructive and destructive interferences
among the scattered rays. Following the Bragg’s law, construction interference happens when the
distances between the scattering centers are of the same order of magnitude as the wavelength of

radiation. This results in a diffraction peak (Skoog et al., 2007).

The diffraction of X-rays by a crystalline material produces an XRD pattern consisting of peaks
of varying intensities at characteristic angles (Scrivener et al., 2017). The diffraction angle or
position of the peaks is determined by the symmetry and the size of the unit cell through Braggs’
law, while the intensities of the peaks relate to the nature and disposition of the atoms within the
unit cell of the crystalline material. This way XRD produces patterns of peak positions and relative
intensities that characterize different crystal structures and enable identifying their presence in
unknown samples (Snellings et al., 2014). XRD can be used to quantify the degree of hydration of
the anhydrous cement and can provide information on the formation of individual hydrate phases

(Scrivener et al., 2017).
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2.5.3 Fourier Transform Infra-Red (FT-IR)

Fourier transform infrared is the most preferred method of infrared spectroscopy (Thermo Nicolet
Corporation, 2001). It is a non-destructive technique, precise and fast with ability to collect scans
every second and it has greater optical through put. FTIR spectroscopic analysis technique has
been very critical for years in both academia and industry. It has been widely used for structural
and compositional analysis (Meisam et al., 2020). An infrared spectrum characterizes a pattern of
a sample with absorption peaks, which match with the frequencies of vibrations between the bonds
of the atoms making up the material (Aastah, 2017). In IR spectroscopy, both absorption and

transmission takes place.

FTIR operation follows an emission of a beam containing full spectrum of frequencies from the
IR source. The beam enters an interferometer before it reaches the sample, where a beam splitter
divides the original beam into two. The two split beams are interfered with each other by certain
configuration of mirrors. The resultant beam from the interferometer is transmitted to the sample
compartment and the light at particular wavelength absorbed by the test samples. The installed
detector not only collects the light leaving the sample compartment, it also measures its intensity
and produces the raw data ready for processing in the computer by Fourier transformation. FTIR
can be used to characterize the composition of the hydrated cement materials (Scrivener et al.,

2015).

2.5.4 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is one of the most powerful technique used for studying the
microstructure of cementitious materials (Scrivener et al., 2017). The technique enables the

visualization of morphology characteristics of the test sample (Shoukry et al., 2016). The data
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obtained in SEM tests is a function of interactions of the high-energy electron beam with the test

material under investigation.

Many collisions occur before the electron’s energy is completely dissipated due to the thick sample
size. The interaction “volume” is the volume in which these collisions occur. The size of this
interaction volume is a few microns for the cementitious materials, which are composed of
elements with a faulty low atomic number. Secondary electrons (SEs), backscattered electrons
(BSEs) and characteristic X-rays are the three most important signals produced. In all situations,
images are created by scanning the electron beam across the surface in a raster pattern and
determining the intensity of each point in the image using the signal detected at each location. The
specimen is magnified simply by the scale difference between the incident beam and the picture

rasters (Scrivener et al., 2017).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Introduction

This chapter describes the test samples, preparation procedures and the analytical techniques for
the study. Thiobacillus intermedius, Starkeya novella and Acidithiobacillus thiooxidans bacteria
spores were obtained from Leibniz-Institut DSMZ Deutsche Sammlung Von Mikroorganismen
und Zellkulture GmbH in Germany. Analytical grade reagents were obtained from Kobian Kenya
Limited and distilled water were used to prepare standard solutions. Culturing of bacteria solutions

was conducted at the Microbiology Laboratory of University of Embu.

Test cements were sampled from Savannah Cement Limited at Athi River grinding plant in
Machakos County, Kenya. Chemical analysis, XRF testing, physical and mechanical testing of the
test cements were carried out at the laboratories in Savannah Cement Limited. Scanning Electron
Microscopy (SEM) analysis on the hydrated mortars was carried out at the University of Pretoria-
Hatfield campus, South Africa. FTIR analysis was carried out at the laboratories in United States
International University (USIU)- Africa. XRD analysis was carried out at the government of
Kenya laboratories in the Ministry of Transport and Infrastructure, Nairobi. The apparatus, both
glass wares and plastic used to set up various tests were thoroughly washed using running water
and a suitable detergent, rinsed with distilled water and dried appropriately in the oven set at 60

°C. All the tests were conducted in triplicates and average values obtained.
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3.2 Materials

Commercial test cements of the type Ordinary Portland cement (OPC) type 42.5 and Portland
pozzolana cement (PPC) type 32.5 were sampled from Savannah Cement Limited. Standard sand
conforming to 1SO 679:2009 and EN 196-1 was obtained from Xiamen 1SO standard sand
company limited in China and used to prepare all the test mortar prisms. Bacteria solutions from
each of the bacteria strain were used as either mixing water, curing water or both. Distilled water

was used to prepare the control mortar prisms.

3.3 Methods

3.3.1 Chemical Analysis of Test Cements

3.3.1.1 Loss on Ignition (LOI)

Loss on ignition in all the test cements was determined in accordance with KS EAS 148-2 (2017)
standard. 1.000g of each test cement was weighed and placed in a crucible that had previously
been ignited and tared. The covered crucible was placed in the electric furnace controlled at 975
°C £ 25 °C. After heating for 5 minutes, the lid of the crucible was slid slightly without removing
it to allow for the escape of gases and moisture and to prevent the loss of particles adhering to the
lid. The crucible was left in the furnace for a further 55 minutes. The crucible was cooled to room
temperature in a desiccator and the constant mass determined. The observed LOI was expressed

in percentage as calculated in the equation 3.1.

Observed loss on ignition = [M]xmo 3.1
ma

Where ma is the mass of the test portion and my, is the mass of the ignited test portion
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3.3.1.2 Gravimetric Determination of Sulphates

Sulphates, as SOz content in test cements was determined in accordance with KS EAS 148-2
(2017). 1.000g of each test cement was placed in a 250 ml beaker. In it, 90 mL of cold distilled
water was added followed by 10 mL of concentrated hydrochloric acid. The mixture was stirred
vigorously using a glass stirring rod. The solution was heated gently in an industrial hot plate and
the sample crushed with a flattened end of a glass-stirring rod until decomposition of test cement
was complete. The solution was allowed to digest for 15 minutes at a temperature just below

boiling. The contents were filtered in a 400 mL beaker using Sartorius filter paper number 390.

The residue was washed thoroughly with hot water and the presence of free chlorides checked by
using silver nitrate solution. The volume of the filtrate was adjusted to 250 mL. The resultant
residue was kept in the original beaker for determination of insoluble residue (IR). The obtained
filtrate was placed in hot plate and while stirring vigorously, 10 mL of 0.5M barium chloride was
introduced drop wise. Heating was continued for a period of 15 minutes to properly form a stable
precipitate. The solution was allowed to stand for a 24 hour duration in an oven with temperature

kept at 60 °C.

Filtration was carried out using Sartorius filter paper number 392. The residue was carefully
washed with hot distilled water until it was free from chlorides and the presence of chlorides tested
using silver nitrate solution. The resultant residue was transferred into a silica crucible which was
previously ignited and tared. SOs content was thereafter determined by igniting the residue for a
period of 15 minutes at the furnace set at 975 °C + 25 °C. The percentage SOz content was

calculated as shown in equation 3.2.
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SOs- (ﬂxo.ms}doo 3.2
m

c

Where mc is the mass of the test portion and mgq is the mass of the precipitate.

3.3.1.3 Insoluble Residue (IR)

To the preserved residue obtained in section 3.3.1.2 above, 100 mL of 0.5M Na>COs3 solution was
added and the contents boiled in hot plate for a period of 15 minutes until the solution turned brown
in colour. The resultant mixture was filtered in a 400 mL beaker using Sartorius 390 filter paper
and the residue washed using hot distilled water. The residue was further washed four times using
hot solution of 0.5N HCI. The contents were rinsed with hot distilled water until the residue was
free from chlorides. This was confirmed using a solution of silver nitrate. The residue was
transferred into a silica crucible previously tared and ignited in a furnace set at 975 °C + 25 °C.
Cooling was done in a desiccator and the insoluble residue expressed in percentage as calculated

in equation 3.3.

Insoluble residue (IR) = (&jxloO 3.3
m

e

Where me is the mass of the test portion and mr is the mass of the ignited insoluble residue.

3.3.1.4 Chloride Content

KS EAS 148-2 (2017) standard was used to determine the chloride content in test cements. 5.000g
of each test cement was placed in a 250 mL beaker. 50 milliliters of deionized water was carefully
measured with measuring cylinder and introduced into the sample. While stirring using glass rod,

50 mL of 0.5N HNOgz was gently added. The mixture was boiled on a hot plate and 5 mL of 0.05M
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AgNOs was added to the boiling solution. The contents were further boiled for one minute. The
resultant mixture was filtered into a 500 mL conical flask using sartorius filter paper number 390

which had previously been washed with 0.01N HNO3 solution.

The residue was washed using 0.01N HNOz until the volume of the filtrate reached 200 mL. 5 mL
of ammonium ferrous sulphate indicator solution was added to the filtrate and the solution titrated
against 0.05M ammonium thiocyanate solution while shaking vigorously. The end point was
characterized by a faint reddish colour change. The volume of the NH4SCN used was recorded as
V1. The same procedure was repeated without the test cement sample and the volume of NHsSCN
recorded as V> for the blank titration. The chloride (CI") content in test cements was expressed in

percentage as calculated in equation 3.4.

V, -V
Cl = 0.1773xg 3.4
ml

Where m; is the mass of the test cement portion, V1 is the volume of the ammonium thiocyanate

solution used for the titration of the test solution and V: is the volume of the ammonium

thiocyanate used for the titration of the blank solution.

3.3.2 X-Ray Fluorescence (XRF) Analysis

The XRF instrument employed in determination of the cement oxides was of the model Epsilon
3%XLE. The oxides of Calcium, Magnesium, Alumina, Iron, Silica and Sodium and Potassium
expressed as alkalis from each test cement were determined. The test samples were first pulverized
in Herzog pulverizer machine and sieved through a 45 sieve. This was done to achieve a uniform

particle size distribution. 0.900g of each of the pulverized test cement was precisely placed in a
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platinum crucible and in it, 9.000g of lithium tetraborate added to serve as flux was added. The
contents were mixed carefully and resultant mixture fused in a M4 gas fusion. The temperature
was set at 1200 °C unit and the fusion was carried out for a period of 17 minutes to form a cement
bead. The formed cement beads were kept in desiccator for a period of 24 hours to stabilize before
transferred into the XRF unit for measurement. This procedure was repeated three times for each

test cement and the average oxide values tabulated.

3.3.3 Growth of Microbial Cultures

Pure spores of Thiobacillus intermedius, Starkeya novella and Acidithiobacillus thiooxidans
obtained from DSMZ- German collection of microorganisms and cell cultures GmbH were
cultured in accordance with BS EN 12322: 1999 at the Microbiology Laboratory of University of
Embu. For each bacteria strain, 1000mL broth medium was prepared using the specified nutrients
to achieve a microbial solution with optical density of 1.0 at 600 nm determined using UV/VIS
spectrometer. The prepared bacterial solutions were kept separately for a period of 5 days. This

was done to facilitate attainment of stable pH state.

3.3.3.1 Culturing of Thiobacillus intermedius

The medium for the actively growing culture of Thiobacillus intermedius was prepared as per the
DSM- 18155 supplier’s manual as shown in table 3.1. 0.10 g of NH4Cl, 3.00 g of KH2PO4 and
20.00 g of Agar dissolved in 900 mL distilled water. The pH of the resultant contents was adjusted
to 6.0 using NaOH to achieve the desired optimal growth of the bacterium (Munyao et al., 2020c).
The prepared solution was labelled as solution A. 0.01 g of MgCl..6H-0, 0.14 g of CaCl..2H,0

were dissolved in 100.00 mL distilled water. This formed the stock solution that was sealed and
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labeled as solution B. Both solutions A and B were autoclaved at a temperature of 127°C separately

and allowed to cool.

Table 3.1: Composition of the Thiobacillus intermedius medium

Culture Medium Quantity
NH4CI 0.10 g
KH2PO4 3.00g
Agar 20.00 g
MgCl2.6H.0 0.10¢g
CaCl2.2H20 0.14¢
NaS203. 5H20 5.00¢g
Yeast Extract 1.00¢g

After cooling, solutions A and B were mixed together to form the medium for the bacterial growth.
The spores of Thiobacillus intermedius was introduced into the cooled solution medium. In it,
prepared solution of Na»S>03.5H20 and yeast were further added to serve as the nutrients for the
bacteria. Incubation of the bacteria was monitored in a shaker maintained at 30 °C for a period of
7 days. The concentration of the bacteria was maintained at 1.0 X 107cells/mL as measured using
a spectrophotometer. The obtained bacterial solution was packaged and transferred to laboratories
at Savannah Cement Limited. The obtained solution was used as both mixing and curing media

for the test cements.
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3.3.3.2 Culturing of Starkeya novella
Preparation and growth of Starkeya novella was conducted in accordance with DSM 506

requirement. Table 3.2 shows the composition of the culture medium.

Table 3.2: Composition of Starkeya novella medium

Culture Medium Quantity
Na;HPO4.12H,0 10.60 g
KH2PO4 1.50 g
NH4CI 0.30 g
Yeast Extract 0.30g
Phenol red solution( 0.1% w/v) 2.00 ml
Batco Agar 15.00¢g
MgSO4.7H-0 0.10 g
NaS203. 5H20 5.00¢g

10.60 g of Na2HPO4.12H,0 was accurately weighed into a sterilized glass container. In it, 1.50 g
of KH2PO4 was added followed by 0.30 g of NH4Cl and 0.3 g of yeast extract. 2.00 ml of phenol
red solution was then added followed by 15.00 g of the bacto agar. 0.10 g MgSOa.7H20 was then
added and the resultant contents dissolved into 1000 ml distilled water. The prepared solution was

autoclaved at temperature of 125 °C. It was then allowed to cool.

Spores of Starkeya novella was introduced into the cooled solution. Na>S20s. 5H»0 prepared from
dissolving 5.00 g of Na>S203. 5H20 into 50.00 ml of distilled water was then added to the mixture.

The incubation of the bacteria was carried out for a period of 5 days. The bacteria concentration
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maintained at 1.0 X 107 cell/ml was monitored using spectrophotometer. The resultant bacteria
solution was packaged and transferred to laboratories at Savannah Cement Limited. The solution

was used as both mix and curing media for the test cements.

3.3.3.3 Culturing of Acidithiobacillus thiooxidans.

Table 3.3 gives the summary of medium composition for the Acidithiobacillus thiooxidans.

Table 3.3: Composition of Acidithiobacillus thiooxidans medium

Culture Medium Quantity
KH2PO4 3.009
MgS0O4.7H20 0.50¢g
(NH4)2S04 3.009
CaCl2.2H-0 0.25¢g
Na2S203. 5H.0 50049

DSM 14887-preparation method was adopted to prepare the medium for the Acidithiobacillus
thiooxidans bacteria. Definite amounts of KH2PO4, MgS04.7H20, (NH4)2SO4 and CaCl,.2H20 as
provided in table 3.3 were dissolved in 2000 mL of distilled water. The pH of the resultant mixture
was adjusted to 4.4 using sulphuric acid. Autoclaving was then done at a temperature maintained
at 121° C for 15 minutes. The prepared Na>S,03. 5H.O was sterilized through filtration and added
to the autoclaved mixture. Spores of the Acidithiobacillus thiooxidans was added to the cooled
mixture and incubated statically without shaking for a period of 30 days. The obtained bacteria

solution of concentration 1.0 X 107 cells/ml was packaged and transferred to laboratories at
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Savannah Cement Limited. The solution was used as both mixing and curing media for the test

cements.

3.3.4 Determination of Optical Densities for the Microbial Solutions

Hitachi UV-1900 UV- visible wavelength spectrophotometer instrument was used to determine
the optical density for each of the bacterial solution. 1 mL of each of the cultured bacterial solution
was placed in a 1.6 mL optical polystyrene cuvette. The cuvette holding the sample solution was
then placed in the spectrophotometer instrument set at a wavelength of 600 nm. OD-600
measurements were employed to determine the bacterial growth as well determine the cell numbers
at the beginning of the experiment and to construct the growth curves of the bacteria. The obtained

bacterial concentration was maintained during the casting and the curing of the test cements.

3.3.5 Physical Analysis

Physical analysis of the test cements was carried out to determine the standard consistency setting
time and soundness of the test cements. Preparation of the cement paste for setting time and
soundness was done using each bacteria solution and labelled according to the bacteria and cement
type. For OPC test cement, the prepared cement paste using the bacteria solution were labelled as
OPC (SK), OPC (TI) and OPC (AT) while in PPC it was labelled as PPC(SK), PPC(TI) and PPC
(AT) respectively. The control cement paste prepared using distilled water were labelled as OPC
(H20) and PPC (H20) respectively. Each test was carried out in triplicates and the average values

obtained.
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3.3.5.1 Determination of Setting Time

3.3.5.1.1 Standard Consistence Test

Prepared microbial solutions for each test bacteria were used as mixing water in determination of
setting time for each test cement. Distilled water was used as a control in both OPC and PPC test
cements. In order to determine the setting time of the test cements, standard consistency was first
carried out in accordance with KS EAS 148-3 (2017) to evaluate the water demand requirement.
Vicat apparatus with the plunger were used to perform the test. 125 g of water / bacterial solution
was weighed and carefully put into the paste mixer bowl already mounted on the mixer unit of the
model NJ-160. In it, 500 g of the test cement was carefully added. The mixer was switched on and
automatically ran at a slow speed for the first 30 seconds to ensure uniform mixing of cement and
water and thereafter at high speed for a period of 210 seconds. After mixing, the paste was
transferred immediately to the mould, which had been previously placed on a lightly greased plane
glass base-plate and filled in excess without undue compaction or vibration. The excess was
removed by a gently sawing motion with a straight-edged implement in such a way as to leave the

paste filling the mould and having a smooth upper surface.

The Vicat apparatus was calibrated with the plunger by lowering the plunger to rest on the
baseplate to be used and adjusting the pointer to read zero on the scale. The plunger was raised to
the stand-by position. Immediately after levelling the paste, the mould and baseplate were
transferred to the Vicat apparatus and positioned centrally under the plunger. The plunger was
lowered gently until it was in contact with the paste. Pausing was done for two seconds to evade
the original momentum and compelled velocity of the parts in motion. Subsequently, the parts in

motion were released promptly and the plunger allowed to vertically go through the paste at the
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central point. Releasing of the plunger was done four minutes from zero time and the scale read

when penetration stopped.

Scale-reading was recorded, and it indicated the length from the bottom-part of the plunger and
the baseplate whereas the amount of the water used was determined in percentage form by cement
mass. After each penetration test, the used plunger was cleaned immediately. Repeatability tests
were carried out with cement pastes comprising of various amounts of water till a distance of 6
mm between the baseplate and the plunger was achieved. The water content of that paste was

recorded to the nearest 0.5 % as the water for standard consistency.

3.3.5.1.2 Determination of initial setting time

The Vicat apparatus was calibrated by lowering the needle to rest on the baseplate and adjusting
the pointer to read zero on the scale. The needle was raised to the stand-by position. A Vicat mould
was filled with paste of standard consistence and levelled. The filled mould and the baseplate were
placed in the humidity cabinet, after a suitable time, it was transferred to the Vicat apparatus and
placed under the needle. The needle was lowered gently until it was in contact with the paste.
Pausing was done to avoid initial velocity or forced acceleration of the moving parts. The moving
Part was the released quickly and the needle allowed to penetrate vertically into the paste. The

scale was read when the penetration ceased.

The scale reading was recorded which indicated the distance between the end of the needle and
the baseplate, together with the time from zero. The penetration was repeated on the same
specimen at conveniently spaced positions, not less than 10 mm from the rim of the mould or from

each other at conveniently placed intervals. Between the penetration tests the specimen was kept
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in the humidity cabinet. The Vicat needle was cleaned immediately after each penetration. The
time measure from zero was recorded at which the distance between the needle and the baseplate
was 4 mm as the initial setting time of the cement to the nearest 5 minutes. The required
accurateness was ensured by decreasing the duration gap between penetration tests close to the

endpoint and observing the successive results not to fluctuate.

3. 3.5.1.3 Determination of final setting time

The filled mould was inverted on its base-plate so that the tests for final set were made on the face
of the specimen original in contact with the base-plate. The needle was fitted with a ring attachment
which aided in observing very minute penetrations correctly. The time measured from zero at
which the needle first penetrated only 0.5 mm into the specimen was recorded as the final setting

time of the cement.

3.3.5.2 Determination of Soundness

Soundness test was done in accordance with KS EAS 148-3 (2017). Le Chatelier apparatus was
used where the mould was of spring brass with indicator needles. A pair of plane glass base and
cover were provided for each mould. Each test cement paste prepared using either distilled water

or bacterial solution was subjected to soundness test.

The test was carried out simultaneously on three specimens of the same batch of cement paste. The
paste was prepared from a known normal consistency as defined in section 3.3.5.1.1. A lightly
oiled Le Chatelier mould was placed on the lightly oiled baseplate and filled instantly without

undue compaction or vibration using only the hands and a straight-edged implement to the level
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of the top surface. During filling, split of the mould was prevented from accidental opening. The
mould was covered with the lightly oiled cover plate, and the complete apparatus immediately

placed in the humidity cabinet. It was maintained for 24 h at 25 °C.

At the end of the 24 h period, the distance between the indicator points was measured to the nearest
0.5 mm. The water was gradually brought to boiling, with the moulds kept submerged, during 30
min and the water bath maintained at a boiling temperature for 3 h. The mould was allowed to cool
to 25 °C. The distance between the indicator points was measured to the nearest 0.5 mm. For each
specimen the measurements were recorded and the difference calculated. The mean of the three

values was then calculated to the nearest 0.5 mm.

3.3.6 Mechanical Analysis

The mechanical performance of the test cements at different regimes were monitored using the
compressive strength development. The prepared bacteria solutions were used as either mixing
water or both as mixing and curing media for the prepared test cements. Mortar prisms prepared
using bacterial solution as mixing water and cured in water for the OPC test cement were labelled
as OPC SK-H, OPC TI-H and OPC AT-H whereas mortar prisms prepared and cured in bacterial
solutions were labelled as OPC SK-SK, OPC TI - Tl and OPC AT-AT. Similar labeling method
was adopted for PPC test cements as well. The prepared mortar prisms using distilled water and
cured in 1.5% sulphuric acid were labelled as OPC- H* and PPC- H* while the control mortar

prisms prepared and cured in distilled water were labelled as OPC H-H and PPC H- H respectively.
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3.3.6.1 Mortar Preparation and Curing

KS EAS 148-1 (2017) standard was adopted in preparation of the test cement mortar prisms. The
automated mortar mixer of the model JJ-5 was used in mortar preparation. Mortar prisms from
each of the test cements of the size 40 mm x 40 mm x 160 mm were prepared from a batch of a
plastic mortar. 450 g of each of the test cement was carefully weighed and placed into a mixing
bowl. In it, 225 g of water was added. The mixer was allowed to run slowly for 30 seconds. 1350
g of standard sand already placed in an automated pour trough was steadily added for the next 30
seconds. The mixer was switched to a higher speed and the mixing continued for an additional 30
seconds. The mixer was stopped for 90 seconds and during the first 15 seconds all the mortar
adhering to the wall and bottom of the bowl was removed with a rubber scraper and placed in the

middle of the bowl. The mixing was finally continued at a higher speed for further 60 seconds.

The moulding of the specimen was done immediately after the preparation of the mortar. With the
mould and hopper firmly clamped to the jolting table and using a suitable scoop, in one or more
increments, the first of two layers of mortar (each about 300 g) was put into each of the mould
compartments directly from the mixing bowl. The layer was spread uniformly using the larger
spreader held vertically with its shoulders in contact with the top of the hopper and drawn forward.
The first mortar layer was compacted using 60 jolts. The second layer of mortar was put in and
leveled with the smaller spreader and compacted with a further 60 jolts. The mould was lifted
gently from the jolting table and the hopper removed. The excess mortar was immediately struck
off with the metal straight edge held almost vertically and moved slowly with a transverse sawing
motion once in each direction. The surface of the specimens was smoothened using the same

straight edge held almost flat. The moulds were labeled to identify the specimens and their position
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relative to the jolting table. The moulds with the mortar were placed into a temperature-controlled
cabinet at a temperature of 22 £ 1 °C for 24 hours duration. Demoulding of the mortar prisms was
done after 24 hours. The prisms were properly labelled as described in section 3.3.6. Curing was
done by submerging the marked prisms vertically in curing containers filled with distilled water
or bacteria solution at 25 + 2 °C in a curing room. All the test cements were subjected to a

maximum curing period of 90 days.

3.3.6.2 Determination of Compressive Strength

Compressive strength was determined in accordance with KS EAS 18-1 (2017). Compressive
strength performance for each test regime was monitored after 2", 71", 28" 56" and 90" day of
curing. The equipment used to determine the compressive strength was of the model YAW-300.
Each mortar prism to be tested was first split into two using flexural strength machine model DKZ-
5000. The mortar prism was then centered to the platens of the compressive equipment within +
0.5 mm and longitudinally such that the end face of the prism overhangs the platens or the auxiliary
plates by about 10 mm. Increasing of the load was done smoothly at the rate of 2400 + 200 N/s
over the entire load application until fracture. Triplicate results were obtained for all the test

regimes. Compressive strength was calculated and expressed in MPa.

3.3.7 Mineralogical and Microscopic Analysis of Hydrated Cement
3.3.7.1 Fourier Transform Infra-Red Spectroscopy (FTIR) Analysis
FT-IR analysis was carried out on hydrated cement mortars after 28" day of curing. The equipment
model was Jasco FTIR -4700 with ATR pro head and TGS detector. Both control and microbial

test samples for PPC and OPC were first pulverized using Herzog pulverizing equipment. The
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resultant powder for each of the test sample was carefully sieved through a 45u sieve and kept in
airtight sample bag. Each sample was loaded into the FTIR equipment set at 10 scans per second

with resolution set at 4.0 cm™. The scan range of the FTIR was set at 600 — 4000cm™.

3.3.7.2 X-ray Diffraction (XRD) Analysis

The XRD analysis was carried out on the hydrated mortars of control and microbial PPC and OPC
test cements after 28" day of curing. Bruker AXS XRD equipment model D2 Phaser SSD 160.
Samples were finely ground using Herzog-pulverizing machine and sieved through 45p sieve. The
obtained powder for each test sample was kept in airtight sample containers. During the analysis,
each sample was loaded into a sample holder and the surface carefully levelled. The sample surface
area and thickness was maintained large enough to avoid beam overflow and sample transparency

deviation.

3.3.7.3 Scanning Electron Microscopy (SEM) Analysis

The scanning electron microscopy study was determined after 28" day of curing using Zeiss Ultra
Plug FEG- SEM instrument. Sample preparation was done in accordance with ASTM C1723-16.
A slice of each hydrated mortar sample of 3 mm size was separately immersed in a cylindrical
container filled with isopropanol for a period of 7 days. The isopropanol solvent was changed at
an interval of every 24 hours for a period of 3 days. This was done to stop the hydration and ensure
optimal removal of water from the hydrated mortars. After stopping the hydration, the samples

were transferred into a vacuum drying in a desiccator for a period of 48 hours.
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The samples were then impregnated using a low viscosity epoxy resin of the type EPO-TEK-301.
After impregnation, the resin was left to harden for a period of 24 hours. The samples were then
subjected to polishing using the SiC paper at 150 rpm with isopropanol as a lubricant. The samples
were then further rinsed with isopropanol and then polished with sprays of diamond powder. The
fully polished samples were kept in air-tight desiccators for a period of 2 days. This was done to
allow evaporation of all the chemicals, which could contaminate the SEM chamber. Samples were

then loaded in SEM equipment for analysis.

3.3.8 Sorptivity Coefficient Analysis

Both control and microbial test samples were subjected to sorptivity testing after 28" day of curing
in accordance with ASTM C 1585-04. The hydrated mortars from each of the test regime (control
and bacterial treated mortar prims) were dried in an oven set at 100 °C and their masses recorded
in grams (M; grams) prior to the application of the water proofing resin. A water proofing resin
was used to make a coat of two layers on all sides of the dried test mortar prism excluding the top
and bottom as the exposure parts. This was done in order to ensure unidirectional absorption/ flow
through the untreated side only. Water was put into a 400ml beaker to a height of 50 mm and in it,
test prism already applied with water proofing resin was immersed with the untreated coated side

facing downwards at 2 mm above the base of the mortar as shown in figure 3.1.
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Figure 3.1: Experimental set up for Sorptivity Test

After the lapse of the first time interval (0.25 hours) the test prism was carefully removed from the
water and wiped using a clean face towel. Its mass was recorded and immediately immersed in
water to monitor the subsequent time intervals. At every time interval, the mass was weighed and
recorded. This sequence was repeated for all the test samples until the 168" hour when the
saturated mass of infiltration was obtained. The sorptivity coefficient (k) for all the test motors

was obtained using equation 3.5

Q- kt? 35
A

Where Q represented the amount of water absorbed while A was the cross-section area of the test
sample in contact with water and t was time in hours. The values of k (sorptivity coefficients) were

determined graphically by plotting Q/A against the square root of time.



60

After every defined time interval (0.25 hours — 168 hours), the percent water absorptivity for all

the test mortar regimes was determined using equation 3.6 below

%W, = (M 100 3.6

M;

Where Wang IS the percent increase/gain of water absorption by the test mortar after immersion in
water for a given period expressed in hours, Man is the mass increase of mortar after the n™ time
of exposure in water. In this study, the time of immersion varied from 0.25 hours up to 168 hours.

M; is the initial mass of test mortar before immersion in water.

3.3.9 lon Diffusion Analysis

Both control and microbial mortar prisms made using OPC and PPC were subjected to diffusivity
test after the 28" day of curing. ASTM C1556 (2016) test standard method was adopted in
determination of diffusivity test. The test mortar prisms measuring 40 mm X 40 mm X 160 mm
were reduced to a size of 40mm X 40 mm X 100 mm using diamond-cutting disc. According to
ASTM C1556 (2016), an electrochemical cell was set up and the test mortar prism was placed

between two cells and properly covered with a fabric material.

500 mL of water was filled in the anodic chamber and an equivalent volume of 3.5% NaCl or
Na>S04 was put in the cathodic chamber. Stainless steel was placed on both sides of the test prism
to serve as an electrode. The electrodes were connected to a 12 £ 0.1 V D.C power source. The
container was covered at the top using a polythene paper. Monitoring of the current between the

electrodes through the mortar was recorded after every 30 minutes using a milli-ampere. The
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container was covered at the top using a polythene paper. The entire experimental set up was
maintained at a temperature of 22 + 1 °C for a period of 36 hours. During this period, the solutions
were stirred using a glass rod periodically. After the 36 hours, the test mortar prism was carefully

removed from the set up and allowed do drain for 30 minutes.

The test mortar prisms were polished using a sand paper on the 40 mm X 40 mm surfaces. Drilling
of the test samples was done at an interval of 10 mm using a drill bit with a radius of 15 mm along
the 100 mm length surface of the test prism up to 80 mm. The collected sample from each interval
(20mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm and 80 mm) were dried in a laboratory
oven set at 105 °C for a period of 1 hour. The obtained samples were further pulverized using
Herzog pulverizing machine and sieved through 45 sieve. The samples were then kept in airtight

sample containers for chloride or sulphate analysis as defined in KS EAS 148-2 (2017).

3.3.9.1 Chloride and Sulphate Profiling Analysis

As defined in KS EAS 148- 2:2017, the chloride and sulphate ions were determined at each depth
of penetration. According to Crank (1975), the approximation of apparent ion diffusion (chloride/
sulphate) coefficient was achieved under non-steady state condition assuming boundaries C (x,1) =
Oatt=0,0<x <o, C (xt) =Csat x =0, 0 <t < oo, constant effects of coexisting ions, linear
chloride binding and one-dimension diffusion into semi-infinite solid. Equation 3.7 gives the

Crank’s solution to Fick’s second law of diffusion.

X
C,,=Cl-erfl ——— 3.7
(x,t) S
{ ((4Dmig t)1/2 J}
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Where C, 1 is the concentration of chloride/ sulphate ions at any depth x in the mortar bulk at time
t, Cs is the surface concentration and Dapp is the apparent diffusion coefficient. The error correction
function, erf, is the Gaussian error function gotten from computer spreadsheets. The chloride /
sulphate profiles were obtained from fitting equation 3.7 for each ion separately to experimentally
determined chloride and sulphate profile concentration thus determining the values of Dapp and Cs
mathematically for chlorides and sulphates. Apparent diffusion coefficient (Dapp) calculated from
chloride / sulphate profiles is a common practice since Dapp Shows the capability of the
mortar/concrete to resist chloride or sulphate penetration in a natural setting. Dapp Was determined

using equation 3.8

_RT Int®
woZF ™ AD

3.8
Where R is the Gas constant, F is the faraday constant, T is the temperature of the electrolyte in
K, Zi is the valency of the ion I, A@ is the effective applied voltage in V, t is the duration of the

test/ exposure in seconds

3.4 Data Analysis

Test results were carried out in triplicates and the average values calculated. The significance
difference in the means of normal consistency, setting times and soundness tests for control pastes
prepared using OPC and PPC were determined using t-test. Similar analysis tool was adopted to
determine the mean differences between the means of OPC and PPC pastes prepared using the
selected bacteria solutions. One way Anova was used to determine the performance of the three

selected bacteria on test cements. Graphical representation of results was used where applicable.
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Introduction
This chapter presents the results and the discussion of the experimental study carried out on
commercial OPC and PPC when exposed to different strains of deteriorating bacteria. The results
include chemical composition of the commercial OPC and PPC, setting time and soundness for
the cement pastes, compressive strength at different curing periods, sorptivity, Fourier transform

infrared, X-Ray Diffractometer and Scanning Electron Microscopy for cured mortars.

4.2 Chemical Composition of the Test Cements

Table 4.1 gives the average chemical composition of the test cements. Except LOI and IR, the
other parameters are expressed in terms of oxides. Both test cements met the chemical composition
requirements as defined in KS EAS 18-1 (2017). From the test results, it is evident that CaO, SiOa,
Al>O3 and Fe>Os form the main oxide composition of the test cement. These oxides provide the
main hydration products in cement. Upon hydration, the resultant CH forms a suitable binding
point with silica and alumina to form the C-S-H and C-A-H as the main hydration products. The
formed hydration products improve physical, mechanical and microstructural properties of cement

(Neville, 2011).
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Table 4.1: Average Chemical Composition of Test Cements

Cement Type
% Oxide Composition
OPC PPC

Cao 63.58 + 0.05 44,20 £0.12
SiO» 21.50 £ 0.02 32.80 £ 0.04
Al203 5.10+0.01 10.80 + 0.02
Fe203 3.55+0.01 5.85+0.01
MgO 2.20+0.01 0.96 +0.03
SOs 2.20+0.03 2.10+0.01
Na2O 0.15+0.01 0.06 +0.02
K20 0.62+0.01 0.15+0.01
IR 0.50+0.01 27.92 +£0.02
LOI 1.20 £ 0.03 2.30 £0.02

OPC exhibited significantly higher CaO content as compared to PPC. This was as expected since
OPC is made up of 95% clinker and 5% gypsum (KS EAS 18-1:2017). Clinker is comprised of
limestone as the main raw material, which upon calcination results in formation of CaO. The main

phases of OPC (CsS and C»S) upon hydration results in increased calcium hydroxide (CH) in the

pore solution. Equations 4.1 and 4.2 gives the hydration mechanism of C3S and CsS.

2C,S+6H — C,S,H, +3CH

2C,S+4H — C,S,H, + CH

4.1

4.2
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With high CH content in the pore solution of OPC, it makes it more vulnerable to attack by
aggressive ions such as chlorides and sulphates (Munyao, 2015; Mutitu, 2013). The decreased CaO
in PPC was attributed to clinker substitution with pozzolana. Generally, natural pozzolans have

less than 2% CaO (KS EAS 18-1:2017).

The silica (SiO2) content on the other hand was higher on PPC than OPC. This was attributed to
the pozzolana addition in PPC. Natural pozzolans contain 55-60 % silica content. Whereas
Portland clinker has silica in form of C»S and CsS, the additional amorphous silica from pozzolana
helps improve the late strength development for pozzolanic cements (Munyao, 2015; Mutitu, 2013;
Muthengia, 2009). The excess silica from PPC reacts with the resultant CH upon hydration to
form secondary C-S-H, which offers long-term strength and durability of concrete structures.
Incorporation of pozzolana in OPC increases the SiO» content that ultimately result in improved
mechanical properties of cement (Mohamed et al., 2016). Equation 4.3 shows the reaction between

the resultant CH and SiO- in pozzolana.

3CH +2S+3H — C,S,H, 43

PPC exhibited higher alumina (Al2O3) content than OPC. This was due to higher alumina
composition in pozzolanic materials. The alumina content in OPC exists as CsA phase. This phase
is known to generate high heat of hydration that makes OPC have higher early days (1, 2 and 7
days) strength as compared to PPC. The alumina content in natural pozzolana only reacts with

excess CH in the hydrated pore solution to form CAH as shown by equation 4.4.
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A+H+CH — CAH, 4.4

The formed secondary cementitious materials (C-A-H and C-S-H) through pozzolana addition in
PPC results in a denser concrete or mortar material with reduced risk of attack by aggressive

materials. This improves the durability of the placed pozzolanic cement structures.

The iron (Fe203) content was higher on PPC than OPC. This was attributed to pozzolana addition.
Most of natural pozzolans contain iron content ranging from 10- 15% (KS EAS 18-1:2017). Ferrite
when expressed as tetracalcium aluminoferrite (C4AF) in Portland cement clinker has no
cementing value in terms of mechanical and physical properties. This phase helps in giving cement
the grey colour. During the calcination process, the ferrite acts as a flux to lower the calcination

temperature (Neville, 2011).

The magnesium (MgO) content in Portland cements should be maintained below 5% (KS EAS 18-
1:2017). From the test results, both OPC and PPC test cements conformed to the MgO
requirement. When MgO in cement is above 5%, it causes expansion of the cement paste, mortar
and /or concrete. The expansion may result to formation of micro-cracks within the concrete that
forms suitable pathways for ingress of harmful materials such as carbon dioxide, sulphates and /or
chloride ions, which are deleterious to concrete or mortar (Neville, 2011). Further, excess MgO
slows down the initial hydration of cement. This affects the initial setting time (Munyao, 2015).
The reaction between MgO and water results in formation of insoluble Mg(OH)2. The formed
Mg(OH). precipitates on the cement grains forming a protective layer, which retards further

hydration of cement. The reaction may lower the cement pore water pH (Liu et al., 1992).
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The sulphate (SO3) content in both test cements met the KS EAS 18-1 (2017) requirement (<
3.5%). SO3 mainly as CaS04.2H-0, reduces the risk of flash setting (Ahmed et al., 2021; Franco
et al., 2018; Silen and Mohammed, 2018). The SOz content plays a vital role in mitigating the heat
generated by CsA phase during the hydration. The hydrated sulphate, mainly as ettringite
precipitates over the C3zA forming an impermeable layer that prevents early and fast hydration of
C3A. With time, the crystal cracks slowly allowing for C3A hydration. The alternate crystallization
and cracking slows the hydration process at early hours of cement hydration allowing for
workability and placement of concrete or mortar (Ahmed et al., 2021; Shupeng et al., 2018;

Kosmatka et al., 2002)

The alkali content (Na2O and K>O) commonly expressed as total alkali or sodium equivalent met
the desired KS EAS 18-1 (2017) requirement (< 0.6%) in the test cements. Presence of alkalis in
cement provides the alkalinity in the hydrated cementitious material (Neville, 2011). The alkalinity
content in cement protects the rebar in reinforced concrete from corrosion (Muthengia, 2009).
Further, Na2O and K>O plays a vital role in providing a medium through which the cement phases

react (Theodore and Karen, 2012).

The insoluble residue (IR) content in OPC test cement conformed to the desired KS EAS 18-1
(2017) requirement. While the standard limits insoluble residue for OPC at 5% maximum, there is
no requirement for insoluble residue in PPC. OPC is expected to have nearly all the material
dissolve when digested in hydrochloric acid. This is attributed to high reactivity of silica and
alumina contained in clinker. Previous studies by Kraiwood et al., (2000) showed that higher

insoluble residue content in OPC reduces its mechanical properties. PPC on the other hand
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incorporates natural pozzolana (25 - 40%) which has approximately 75% - 90 % insoluble
materials (KS EAS 18-1:2017). The unreactive silica and alumina content in natural pozzolans

make PPC based cements exhibit higher insoluble residue content (Munyao, 2015).

Loss on ignition, commonly expressed as LOI gives an indication of the amount of organic and
volatile matter within the cement. According to KS EAS 18-1 (2017) and BS EN 197-1 (2011),
LOI for both OPC and PPC should be below 5%. From the test results, OPC and PPC conformed

to the standard requirements for LOI.

Based on the chemical analysis results, the test cements met all the desired chemical requirements
as described in the Kenya and East African cement standard. This implied that the cements were
suitable to be subjected to other physical and mechanical tests such as setting time, soundness and

compressive strength.

4.3 Phase Composition of Test Cements
The phase composition of the test cements as given in table 4.2 was calculated using Bogue

formula (Bogue, 1929).
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Table 4.2: Phase Composition of Test Cements

Cement Type
% Phase Composition

OPC PPC
CsS 51.62 £ 0.02 36.13 £ 0.03
CaS 22.7+0.01 159+0.01
CsA 7.52+0.01 5.26 £ 0.02
C4AF 10.8+£0.01 7.56 £ 0.01

The cement phases, which are estimated from Portland clinker, influence the performance of the
placed concrete or mortar after hydration (Scrivener et al., 2015). As expected, OPC exhibited
higher percentage content in all the main cement phases. This was attributed to higher clinker
proportion in OPC as compared to blended PPC (KS EAS 18-1: 2017). Cristelo et al. (2016),

Munyao (2015) and Kurokawa et al. (2014), made similar observations.

CsS and CsA phases are responsible for early strength development. This explains why OPC
exhibit very high strength at early days (KS EAS 18-1:2017; BS EN 197-1: 2011). The C2S phase
influences the strength development beyond 28 days after the placement of concrete and /or mortar
while C4AF provides the grey colour of the Portland cement (Neville, 2011). The reduced phase
composition in PPC was attributed to the clinker substitution with pozzolana. Both test cements

met the desired phase composition as defined in BS EN 197-1 (2011).
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4.4 Physical Analysis
4.4.1 Standard Consistency Results
Figure 4.1 show the standard (normal) consistency of control OPC paste (OPC-H>0) and the pastes

of OPC subjected in varied bacteria solutions (OPC-AT, OPC -TI and OPC-SK).
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Figure 4.1: Standard consistency of control OPC Paste and Pastes of OPC Prepared in varied

bacteria solutions as the Mixing water

The water demand (standard /normal consistency) for the control OPC (OPC-H20) varied
significantly when compared with OPC- TI, OPC - AT and OPC - SK (T-test analysis carried out
at 95% confidence level gave the tca value of 7.55, 6.93 and 3.67 for OPC -Tl, OPC - AT and
OPC- SK against the teit of 2.78). The OPC pastes prepared with bacteria solutions as the mix
water required higher amounts of water to achieve workable paste. This was attributed to the

different nutrients used to prepare the bacteria feed.
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Figure 4.2 show the standard (normal) consistency of control PPC paste (PPC-H.0) and the pastes

of PPC subjected in varied bacteria solutions (PPC-AT, PPC -TI and PPC-SK).
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Figure 4.2: Standard consistency of control PPC Paste and Pastes of PPC Prepared in varied

bacteria solutions as the Mixing water

The water demand of the PPC pastes prepared with the varied bacteria solutions (PPC- AT, PPC
—~T1 and PPC-SK) varied significantly with the water demand of the control PPC (T-test analysis
results carried out at 95% confidence level, showed the tca values of 4.43, 3.46 and 4.90 for PPC-
AT, PPC-TI and PPC-SK respectively). PPC pastes prepared with bacteria solutions as mixing
water required higher amounts of water to achieve the desired workability. This was attributed to
sulphates, phosphates and chloride salts used to prepare the bacteria feeds (Dongxing et al., 2021).

Similar observations were made by (Shiyu et al., 2021; Yingjie et al., 2021).
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The water demand of control OPC varied significantly with that of control PPC (T-test analysis
gave the tca of 12.12 against the teit of 2.78). The high-water requirement in PPC was due to the
pozzolana effect. Addition of pozzolana increases the fineness of the resultant product and hence
high amount of water is required to achieve sufficient workability (Sihem et al., 2021).
Replacement of OPC with some pozzolanic materials such as fly ash and silica fume was found to
increase the water requirement of the replaced OPC. This was attributed to the pozzolanic pore

fineness (Dave et al., 2017). Similar observations were made by Patrick et al. (2012).

The standard consistency test results met the desired requirements for all the test scenarios. BS
EN-197 (2011) defines water demand for OPC and PPC to be maintained at < 30% and < 35%
respectively. The observed differences in normal consistency of the control pastes and pastes
prepared with microbial solutions for both PPC and OPC test cements was attributed to the
composition of the different bacterial nutrients. Mutitu (2020), while studying on the effect of
microbial biocementation on physico-chemical and mechanical properties of mortars made from
Portland cement observed that bacterial nutrients influence the water uptake by the cement. This
affects the normal consistency of the resultant cement paste. Hamdy et al. (1999), made similar

observations.

4.4.2 Setting Time Results
Figures 4.3 and 4.4 show the initial setting time (IST) and final setting time (FST) for the controls
of OPC and PPC and their respective pastes prepared using selected bacteria solutions as mixing

water.
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Figure 4.3: Initial and Final Setting Times for Control OPC and OPC Paste prepared using selected
bacteria solution as the mixing water.
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Figure 4.4: Initial and Final Setting Times for Control PPC and PPC Paste prepared using selected
bacteria solution as the mixing water.
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The T-test analysis results showed that there was no observed significant difference between the
initial setting times of the control OPC and OPC-TI, OPC- AT and OPC - SK (The tca value for
the initial setting times of OPC -TI, OPC-AT and OPC-SK was 0.77, 0.87 and 1.73 respectively
against terit of 2.78). Equally, there was no observed significant difference between the final setting
times of the control OPC and the OPC-TI, OPC- AT and OPC - SK (Tcal values for the final setting
times of OPC-TI, OPC- AT and OPC was 2.32, 1.73 and 2.60 respectively against tcit of 2.78).
The same was observed in PPC where the control PPC and the pastes made from the selected
bacteria did not show any significance difference in both initial and final setting times. The tca

values were all lower than the terit with p- values above 0.05.

The similarity between the setting times (IST and FST) of controls and bacteria prepared OPC and
PPC pastes was attributed to the short time required for the Portland cement to set. It perhaps
required much more time of exposure for the bacteria to influence the setting pattern of the test
cement. Further, some reagents used as source of nutrients for the bacteria such as dihydrogen

phosphate (KH2POa) supports in setting of Portland cement (Zilgma and Dagnija, 2021).

Based on the setting time test results, both control and bacterial treated pastes of OPC and PPC
met the desired initial and final setting times as described in Kenya cement standard. Both cements
set within the required range as provided in the Kenya cement standard hence the bacteria did not
influence the setting patterns of the test cements. This was attributed to the slow activity of the
bacteria and shorter duration of exposure. The recommended initial setting time for OPC is greater
than 60 minutes whereas the one for PPC is greater than 75 minutes. The final setting times for

either OPC or PPC should not exceed 600 minutes (KS EAS 18-1:2017).
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Table 4.3 shows the soundness test results for control and bacterial treated pastes of OPC and PPC

respectively.

Table 4.3: Soundness Test Results for Control and Bacterial Prepared Pastes of OPC and PPC

Cement Paste Type Soundness (mm) KS EAS 18-1 REQUIREMENT
OPC (H.0) 1.2+0.01

OPC AT 1.35+0.01

OPC TI 1.4 +0.02

OPC SK 1.4+0.01

<10 mm

PPC (H20) 0.5 +0.02

PPC AT 0.7 £0.03

PPC TI 0.51+0.01

PPC SK 0.9+0.02

Based on the soundness test results, there was no significance difference in soundness of PPC-

H>0 with PPC - AT and PP-TI (The tca values for PPC-AT and PPC-TI were 2.45 and 0.16 against

the terit Of 2.78). It was however, noted that PPC-H.0O differed significantly with PPC-SK (The tcal

for PPC-SK was 6.93 way above the tcit of 2.78). The soundness of OPC- H>O differed

significantly with the soundness of OPC - AT, OPC- Tl and OPC- SK. The calculated t-values for

the OPC-AT, OPC-Tl and OPC-SK were 5.20, 17.32 and 8.66 against the tcit of 2.78. Nonetheless,

the test cements met the desired soundness requirement as described in KS EAS 18-1 (2017).
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The observed difference between the soundness of test cements prepared with bacteria solutions
and the control pastes was due to the bacteria feed which could have relatively influenced the
marginal growth in cement unsoundness for the pastes prepared with bacteria solutions. The
composition of bacterial feed comprised of salts of magnesium. Presence of magnesium content

in cement paste causes unsoundness of cement paste and or mortar (Konstantinos et al., 2021).

The soundness of the control PPC and OPC was significantly different (T-test analysis gave the
tvar Of 12.12 against the terit of 2.78 at 95% confidence level). OPC exhibited high soundness values
when compared to PPC. This was attributed to the chemical composition of the cements as
described in table 4.1. According to KS EAS 18-1 (2017), the oxides of calcium and magnesium
contribute largely to the unsoundness of cement. OPC exhibits both high CaO and MgO contents.
Studies by Ali and Mullick (1998) revealed that high content of MgO in cement results in
expansion due to formation of insoluble magnesium hydroxide (Ali and Mullick, 1998). The
hydration of CaO and MgO results in formation of secondary hydration products as shown in
equations 4.5 and 4.6. The resultant products are expansive and may result to cement unsoundness

(Odler, 2007; Macphee and Lachowski, 1998).

CaO + H,0 — Ca(OH), 45

MgO + H,0 — Mg(OH), 4.6

All the physical characteristics (standard consistency, setting times and soundness) of the test

cement prepared with distilled water and selected microbial solutions conformed with the KS EAS
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18-1 (2017). This implied that the activity of the test bacteria did not affect the above physical
characteristics of the test cements significantly. This was attributed to the shorter exposure period
and hence too early to detect the effect of the bacteria. There was thus need to expose the bacteria

prepared mortars to further tests which required more exposure duration.

4.5 Microstructural Analysis
4.5.1 Scanning Electron Microscopy (SEM)
Plates 4.1 and 4.2 represent the SEM micrographs for the control OPC and PPC mortars after 28"

day of curing.
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Plate 4.1: SEM Morphology for OPC H-H after 28" of curing
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Plate 4.2: SEM Morphology for PPC H-H after 28" day of curing

The SEM micrographs for the control mortars show that OPC H-H was dominated by high
quantities of hexagonal calcium hydroxide (CH) plates and calcium silicate hydrates (C-S-H) paste
as the main hydration products. This was attributed to high CsS and C,S phases in OPC as
described in table 4.2 (Scrivener et al., 2015). The hydration phases filled the pore spaces initially
occupied with water and unhydrated cement grains (Xu and Xiao, 2021). Presence of ettringite
(AFt) was because of the initial gypsum added to improve on cement workability during placement
and control setting time (Suhua et al., 2021). There was no signs of crack formation due to the
compact and well filled packing of hydration products in the hydrated cement mortar (Xu and

Xiao, 2021; Munyao et al., 2020Db).
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The control PPC exhibited reduced CH plates in the pore matrix and extensive formation of C-S-
H paste. This was attributed to pozzolanic activity (Walid et al., 2017). The silica content in
pozzolana combines with CH through pozzolanicity reaction to generate secondary cementitious
C-S-H material. The resultant mortar of PPC based cement is more dense making it more resistant
to damage by aggressive media (Ali et al., 2021; Meddah et al., 2020; Meysam et al., 2018).

Equation 4.7 show the reaction involved during pozzolanic activity (Taylor, 1999).

2Si0, +3Ca(OH), +5H,0 — 3Ca0.Si0 ,.8H,0 4.7

The SEM micrographs for the mortars of OPC and PPC prepared with Acidithiobacillus
thiooxidans, Thiobacillus intermedius and Starkeya novella are presented in plates 4.3- 4.8 as OPC

AT-AT, OPC TI-TI, OPC SK-SK, PPC AT-AT, PPC TI-Tl and PPC SK-SK respectively.

EHT = 1.00 kV Signal A = InLens Date :26 Jul 2019
WD = 2.5mm Photo No. = 13458 Time :14:59:17

Plate 4.3: SEM Micrograph for OPC AT-AT after 28" day of curing
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Plate 4.5: SEM Micrograph for OPC SK-SK after 28" day of curing
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Plate 4.6: SE Micrograpf PPC AT- T after 28t dayV(_)f curing
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Plate 4.7: SEM Micrographs for PPC TI — T1 after 28" day of curing
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Plate 4.8: SEM Micrographs for PPC SK-SK after 28" day of curing

The OPC and PPC microbial prepared mortars exhibited pronounced ettringite (AFt) formation on
the pore matrix characterized by needle-like shaped materials. This was attributed to the biogenic
sulphuric acid generated by the bacteria activity. The formed biogenic acid facilitated the
formation of delayed ettringite within the pore matrix. Similar observation was made by Sravanthi
et al. (2015). Presence of external sulphate source favours the formation of delayed ettringite on
the pore matrix of the exposed mortar and concrete (Yushan et al., 2019). Ettringite crystals result
in volume expansion of concrete and mortar causing spalling and degeneration of exposed
structure. Equation 4.8 shows the formation of ettringite crystals in the pore matrix of the mortar

or concrete (Yushan et al., 2019; Sun, 2015).

3CaS0, +3Ca0.Al,0,.6H,0 + 26H,0 — 3Ca0.Al,0,.3CaS0,.32H,0 48
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The observed erosion of the calcium hydroxide (CH) plates on the microbial prepared mortars of
OPC and PPC was because of biogenic sulphuric acid attack on the residual calcium hydroxide in
the pore matrix. This would weaken the hydration products, reducing the life span of the exposed
structure. Additionally, the acid attack would cause the pore matrix more porous, allowing the
harmful external materials to enter the mortar or concrete and cause further damage to the placed

structure (Joshi et al., 2019; Sun, 2015).

Results from the SEM micrographs showed that the selected bacteria had a negative influence on
the microstructure of the commercial OPC and PPC. Amongst the test bacteria, Starkeya novella
exhibited adverse effects on the microstructure of the test cements. The formation of the observed
deleterious material (ettringite) within the pore structure of the exposed mortars in the selected test
bacteria would significantly influence the mechanical performance of the placed concrete and/ or

the mortar structure.

4.5.2 FTIR Characterization of Hydrated Test Cement Mortars Exposed to Bacteria
Figures 4.5 and 4.6 represent the FTIR spectrums for the control and bacteria prepared mortar

prisms.
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Figure 4.6: FTIR Spectra for bacteria test mortar after 28" day of Curing

The characteristic wave numbers for the control mortar tests as tested using FTIR are shown in
Figure 4.5. The major bands were shown at 550.58 cm™, 685.57 cm™, 781.03 cm™, 972.91 cm™,

1092.48 cmt, 1498.42 cm, 1645.95 cm?, 3638.05 cm™ and 3733.51 cm™. Si-O stretching was
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observed at 781.03 for the control mortar cement. This observation was in line with the work done
by Ariffin et al. (2013). The workers (Ariffin et al., 2013) attributed the wavelength band between
780- 800 cm™ to the stretching of O-Si-O bonds within the quartz crystalline phase of the hydrated

cement. Yudong et al. (2019) and Fernandez- Jimenez et al. (2005) made similar observations.

The bands observed at 972.91 cm™ and 1092.48 cm " were associated with polymerization of silica
to form calcium silicate hydrate (C-S-H) as the main hydration products. The C-S-H gel was
clearly identified from the SEM results as reported in section 4.5.1 in this work. The asymmetric
stretching vibration of Si-O-Si associated with C-S-H phase formation occurs between 960 -1100
cm (Yilmaz and Suna, 2014; Shi et al., 2011; Stepkowska et al., 2005; Mollah et al., 2003). The
bands observed at 550.58 cm™, 685.57 cm™ and 781.03 cm represents Al-O bonds. These bands
are associated with the reaction of aluminate and silicates in the hydrated cements to form the
aluminosilicates (Yudong et al., 2019; Renaudin et al., 2007). The band at 1498.42 cm™ was
associated with C-O bond. This was due to the carbonation of the hydrated mortar. Reaction of the
atmospheric carbon (IV) oxide with the cement would result in secondary formation calcium

carbonate in the hydrated mortar (Anu et al., 2020; Run-sheng et al., 2019).

The band associated with chemically bound water was identified at 1645.95 cm™ This peak was
due to the bending vibration of water in sulphates (Rikard et al., 2009). The bound water was
attributed to gypsum (CaSQO4.2H20) added at the initial production of cement to regulate setting
time and workability of the mortar. Borhan et al. (2010) made similar observation. The bands at
3638.05 cm™ and 3733.51 cm™ were associated with the calcium hydroxide (Zhu et al., 2018;

Mollah et al., 2000). As observed from the SEM results, the calcium hydroxide plates were very
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visible in the control mortars. The hydration of Portland cement results in formation of calcium
hydroxide as one of the main hydration products. This observation agreed with the work done by

Anu et al. (2020); Zhu et al. (2018) and Santa et al. (2013).

The FTIR main bands identified in mortars prepared with bacteria solutions were as shown in
figure 4.6. The main bands were identified at 550.58 cm™, 599.75 cm, 782.96 cm™, 971.95 cm™,
1629.55 cm™ and 3406.64 cm™. After the exposure of the test cement into the bacteria solution, a
peak at 1111.76 cm™ that was missing in control mortars was observed. This peak was attributed
to the sulphate ions responsible for delayed ettringite formation. The typical sulphate absorption
bands occur between 1100 — 1200 cm™ (Rikard et al., 2009). The observed sulphate band in
bacteria prepared mortars was perhaps responsible for the massive ettringite formation in bacteria
prepared mortars (Lee et al., 2016). As reported in SEM results, ettringite formation was
pronounced in bacteria prepared mortars. This was attributed to biogenic sulphuric acid generated

by the selected test bacteria (Anu et al., 2020; Yudong et al.,2019).

The presence of C-S-H in bacteria prepared mortars was only identified at 971.95 cm 1. This was
attributed to the CsS phase contained in clinker. This observation was in line with work done by
(Bjérnstrém et al., 2004). There was no observed formation of C-O bond at 1498.42 cm™ in
bacteria prepared mortars. This perhaps contributed to low C-S-H gels in bacteria mortars.
Absence of calcium carbonate in the bacteria prepared mortars implied that the formed biogenic
acid consumed the resultant calcium hydroxide from the hydration and hence there was no residual

calcium hydroxide to react with the atmospheric carbon (IV) dioxide (Yudong et al., 2019).
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The band associated with bound water (O-H bending) in bacteria prepared mortars was observed
at 1629.55 cm®. This was in line with the observation made in the case of the control mortar.
However, it was noted that O-H stretching associated with calcium hydroxide in the hydrated
mortar of bacteria prepared cement appeared at 3406.64 cm™. The peak was not as pronounced as
observed in control mortars. This peak was in line with the SEM analysis where the bacteria

prepared mortars exhibited erosion of calcium hydroxide plates (Qian et al., 2008).

The bands associated with Al-O resulting in formation of aluminosilicates compounds occurred at
550.58 cm™®, 599.75 cm™ and 782.96 cm™. The additional band at 599.75 cm™ was evidence of
bacteria attack on the aluminate phase of cement. Puertas et al. (2000) and Kledynski et al. (2017)
made comparable observations. FTIR analysis was in agreement with the SEM test results reported
in this work. Bacteria prepared mortars showed peaks that agreed with deleterious products such

as ettringite as observed in SEM morphology.

4.5.3 XRD Characterization of Hydrated Control and Microbial Cement Mortars
Figure 4.7 and 4.8 show the XRD analysis for the control and microbial OPC mortars after 28"

day of curing.
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The XRD analysis for OPC H-H showed the formation of Portlandite even at 28 days of curing.
This was as observed in SEM morphology for OPC H-H. Portlandite (CH), is the main hydration
product that forms when cement react with water. Presence of portlandite after 28 days of curing
was attributed to the unreacted CaO from cement clinker. This phase forms the attack point by the
destructive agents such as sulphates and chlorides for the OPC (Snelling et al., 2014). In presence
of external ingress of sulphates, CH is attacked and the resultant product is ettringite which is

expansive and deleterious (Yongcheng et al., 2021).

The OPC mortars prepared with Starkeya novella bacteria medium showed formation of calcite
and muscovite as the new products. The calcite formation (CaCO3) was attributed to the reaction
of the excess Portlandite in the hydrated OPC with atmospheric carbon dioxide (Vineet et al.,
2018). The process of carbonation was perhaps activated by the Starkeya novella activity (Yudong

et al., 2019). There was no evidence of formation calcite in control OPC H-H.

OPC SK-SK showed 10% formation of muscovite (AlsHKO12Si3) as a new product. The formation
of muscovite in cement mortar and concrete lowers the compressive strength of the placed
material. Muscovite formation in concrete appreciably influences the reduction of compressive
strength (Maregesi, 2021). The inclusion of 2% muscovite in cement lowers the resultant

compressive strength by 20% (Maragesi, 2021).

The formation of muscovite further reduces the slump of the concrete by half (Leeman and Holzer,
2001). Reduction of concrete slump increases water demand of the batched concrete. As observed

and previously reported in this work, there was appreciable increase in water demand for the OPC
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SK-SK mortar prisms. The XRD results for the bacteria prepared OPC mortars agree with the

physical characteristics of the bacteria prepared pastes previously reported in this work.

Figures 4.9 and 4.10 represent the XRD diffractogram for the control and microbial PPC mortars
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The XRD diffractogram for control PPC show the formation of dellaite and bavenite as new
hydration products. Dellaite, (CeSiO3011(OH)2 commonly known as C-S-H is an important
hydration product that makes the resultant cement mortar dense and impermeable (Vineet et al.,
2018). The formation of dellaite in control PPC was attributed to the pozzolanic activity. The
products of pozzolanic activity follows the reaction between the reactive silica from the pozzolans
with the calcium from cement clinker and water to form additional calcium silicate hydrate product

(Diandian et al., 2021; Hadigheh et al., 2017).

The PPC mortars prepared with microbial solutions exhibited formation of maghrebite
(Al2As2H18MgO1g) as a new compound in the pore matrix. This compound has the potential of
causing expansion of mortars and concrete due to the presence of magnesium content (Yan et al.,
2021). Maghrebite formation in either concrete and/or mortar causes unsoundness in placed
concrete or mortar (Mshali et al., 2012). As reported in the physical analysis results in this work,
the bacteria prepared pastes exhibited increased unsoundness. This was perhaps due to the

formation of the maghrebite from the bacteria activities.

The characteristic products from the XRD diffractogram for all the mortars prepared with
microbial solutions in either PPC and /or OPC agreed with the other test results such as setting
time, soundness and SEM previously reported in this work. The microstructural analysis showed
formation of new products for the test cements exposed the bacteria solution. The formed products
(Ettringite, Muscovite, Dellaite and Maghrebite) could later affect the mechanical properties of the

placed concrete and mortar and hence cause subsequent structural failures.
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4.6 Mechanical Analysis

4.6.1 Compressive Strength Test Results for Control Mortars

Figure 4.11 represent the compressive strength performance for the control PPC and OPC mortar
prisms. PPC H-H and OPC H-H refers to the mortars of PPC and OPC prepared using distilled

water as the mixing water and cured in distilled water as the curing media respectively.
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Figure 4.11: Compressive Strength Performance of control mortars of PPC and OPC

Compressive strength development increased with increase in the curing period for both PPC and
OPC mortars. Cement gains strength through hydration process. Curing facilitates formation of

the hydration products responsible for the strength development. The formation of C-S-H gel
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through the hydration of C3S and C,S enhances the strength development of cement mortar and/
or concrete (Diandian and Rahil, 2021). As described in equations 4.1 and 4.2, C-S-H is the main

hydration product responsible for the strength development of cement mortar and /or concrete.

The strength development of OPC varied significantly with that of PPC across all the curing
periods. Table 4.4 gives the summary T-values of t-test analysis of OPC and PPC compressive
strength at different curing ages. The T-test analysis was carried out at 95% confidence level. The
T-values were compared against the T-critical at each curing period. Tcac Was higher than Terit
across all the curing duration. This implied that the strengths of OPC significantly varied with

those of PPC at all curing ages.

Table 4.4: Summary of T-test values for the compressive strength between OPC and PPC at

different curing ages. (Tcrit = 2.78 at 4 degrees of freedom)

2 days 7 days 28 days 56 days 90 days
Teal 5.85 7.46 11.65 9.16 7.31
Pval 0.00 0.00 0.00 0.00 0.00

The higher compressive strength of OPC over PPC was attributed to the phase composition of the
test cements as described in table 4.2. C3S and C»S contributes to the strength development of
cement. The reaction of C3S and CS with water results in formation of C-S-H phase, which is

responsible for the strength development. OPC neat contains higher percentage of these phases
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(CsS and C»S) than PPC hence enhanced strength performance. This was evident from the SEM

morphology where OPC exhibited high formation of CH plates.

The low compressive strength development of PPC was attributed to the pozzolana addition. The
pozzolana- lime reaction proceeds very slowly resulting in reduced heat of hydration. This lowers
the early strength development in PPC. Further, the substitution of clinker with pozzolana results
in reduced CsA, which is responsible for early strength development. The compressive strength of
PPC continued to develop even after 28 days of curing. This was attributed to pozzolanic activity.
As described in equations 4.1 and 4.2, the resultant CH from hydration of Portland cement reacts
with silica and alumina from pozzolana to form C-S-H and C-A-H as secondary cementitious
materials. The formed secondary C-S-H improves the mechanical properties of the pozzolanic
cement. As illustrated in equation 4.3 and 4.4, the formation of secondary C-S-H and C-A-H
describes the pozzolanic activity reaction. This was further confirmed from the SEM morphology

given in plate 4.2 where control PPC showed advance formation of secondary C-S-H gels.

Both test cements met the minimum desired compressive strength of 32.5 MPa for PPC and 42.5
MPa for OPC after 28 days of curing as described KS EAS 18-1 (2017) and BS EN 197-1 (2011).
This implied that the compressive strength change observed in either of the test cements when
mixed with varied bacteria solutions as either mixing water or curing media, was due to the bacteria

influence.

4.6.2 Compressive strength for Bacteria Prepared Mortars of OPC and PPC
Figures 4.12 and 4.13 show the compressive strength results of mortars of PPC and OPC when

prepared using bacteria solutions as either mixing water and/ or curing media. The T-test analysis
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for the compressive strength performance between the control PPC and the mortars of PPC
prepared with varied bacteria solutions is summarized in table 4.5 whereas the T-test analysis for
the compressive strength performance between the control OPC and the mortars of OPC prepared

with selected bacteria solutions is summarized in table 4.6 respectively.
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Figure 4.12: Compressive Strength of PPC Mortars prepared with selected bacteria solutions as
either mixing water and/or curing media
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Figure 4.13: Compressive Strength of OPC Mortars prepared with selected bacteria solutions as
either mixing water and/or curing media

Table 4.5: Tca values for the control PPC and PPC Mortars prepared with varied bacteria solutions

at different curing ages (Tcrit = 2.78 at 4 degrees of freedom)

Cement Mix Composition

Control | Age of PPC PPC PPC PPC PPC PPC
Mortar | Testing AT-H AT-AT TI-H TI-TI SK-H SK-SK
2 days 0 0 0 0 0 0
7 days 0 0 0 0 1.73 1.73
PPC
28 days 4.43 5.46 8.08 9.24 15.85 18.62
H-H
56 days 11.65 12.62 11.92 14.71 15.58 19.53
90 days 6.76 7.83 10.98 12.11 13.32 19.44
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Table 4.6: Tca values for the control OPC and OPC Mortars prepared with varied bacteria solutions

at different curing ages (Terit = 2.78 at 4 degrees of freedom)

Cement Mix Composition

Control | Age of OPC OPC OPC OPC OPC OPC
Mortar | Testing AT-H AT-AT TI-H TI-TI SK-H SK-SK
2 days 0 0 0 0 0 0.23
7 days 0.5 0 2 0.15 0 0.63
OPC
28 days 6.21 13.01 11.67 15.07 17.31 9.77
H-H
56 days | 13.74 12.94 12.57 19.17 9.14 9.09
90 days | 17.07 17.63 18.22 17.08 9.16 14.2

The test results show that there was no significant difference (Tca < Terit) between the controls and
their respective bacteria prepared mortars at 2 and 7 days of testing. Table 4.5 and 4.6 show that
the tca Values at 2 and 7 days were all less than the tcrit value of 2.78. This implied that the bacteria
did not affect the strength of either PPC or OPC at the early days of curing. This perhaps was due
to the alkalinity of the fresh placed mortar that would hinder the activity of bacteria at the early

days of curing.

It was however observed that at 28", 56" and 90" day of curing, there was observable significance
difference in strength performance between the mortars prepared with selected bacteria solutions
and the respective control mortars. Tca values as shown in table 4.5 and 4.6 were higher than the
Terit Value. The mortars prepared with the bacteria solutions gave significantly low compressive
strengths compared with the controls. The bacteria’s degrading effect was responsible for the

decrease in compressive strength observed in microbial mortars.
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In order to evaluate the effect of bacteria on compressive strength development, the percentage
decrease in compressive strength of PPC and OPC mortars when subjected to the bacteria solution
either as mixing media or both as mixing and curing media was calculated using equation 4.9

(Yudong et al., 2019).

C.B, -C

C
% CS decrease = ( — ]Xloo 4.9

s—m

Where CS is the compressive strength, CsBm is the compressive strength of the mortar prepared
with bacteria solution and CsCr is the compressive strength of the control mortar. Figures 4.14 and

4.15 give the percentage decrease in compressive strength for PPC and OPC respectively.
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Figure 4.14: Percentage Decrease in Compressive Strength of PPC Mortars
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Figure 4.15: Percentage Decrease in Compressive Strength of OPC Mortars

Compressive strength of test cements (PPC and OPC) decreased significantly from 28" day of
curing when mixed either with bacteria solution as mixing media and/or both as mixing and curing
media. Like the t-test comparison between the controls and the specific bacteria, the analysis of
variance showed that the bacteria species used significantly affected the compressive strength
performance of both PPC and OPC after 28" day of curing. Tables 4.7 and 4.8 show the single
factor analysis of variance for PPC and OPC mortars in varied bacteria solutions after curing for
28 days. From the analysis, each specific bacteria when used as either mixing media or both mixing
and curing media significantly affected the performance of either OPC and/or PPC. The Fcal was

greater than the F crit with P-values below 0.05.
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Table 4.7: Analysis of variance for PPC mortars in varied bacteria solutions at 28 days of curing

Groups Count Sum Average Variance
PPC AT-H 3 101.40 33.80 0.00
PPC AT -AT 3 100.40 33.47 0.09
PPCTI-H 3 104.70 34.90 0.00
PPC TI-TI 3 104.10 34.70 0.00
PPC SK-H 3 99.00 33.00 0.04
PPC SK-SK 3 98.70 32.90 0.01
Source of Variation SS df MS F calc P-value F crit
Between Groups 10.74 5 2.15 89.94 0.00 3.11
Within Groups 0.29 12 0.02
Total 11.03 17

Table 4.8: Analysis of variance for OPC mortars in varied bacteria solutions at 28 days of curing

Groups Count Sum Average Variance

OPC AT-H 3 118.5 39.50 0.00

OPC AT-AT 3 116.7 38.90 0.00

OPC TI-H 3 119.7 39.90 0.00

OPC TI-TI 3 118.8 39.60 0.00

OPC SK-H 3 116.5 38.83 0.04

OPC SK-SK 3 115.4 38.47 0.04
Source of Variation SS df MS F Cal P-value F crit
Between Groups 451 5 0.90 62.4 0.00 3.11

Within Groups 0.17 12 0.01

Total 4.68 17
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While each test bacteria (Thiobacillus intermedius, Acidithiobacillus thiooxidans and Starkeya
novella) revealed a negative effect on the strength of either PPC or OPC mortars, Starkeya novella
exhibited higher compressive strength decline of 27.82% and 33.50% for PPC and OPC mortars
at 90" day of curing respectively. The observed compressive strength decline was due to the
sulphuric acid produced by the test bacteria activity. The generated acid would cause erosion on

the hydration products, lowering the mechanical properties of the test mortars.

The generated biogenic sulphuric acid reacts with portlandite (CH) as the main hydration product
to yield gypsum. The formation of secondary gypsum causes volume expansion of exposed
concrete and/or mortar to approximately 120 -220 % (Parande et al., 2006). The resultant gypsum
further reacts with aluminate phase of the cement to form ettringite. Ettringite causes volume
expansion more than gypsum. It is estimated to cause volume expansion of approximately 227-
700% (Sun, 2015). Equations 4.10 and 4.11 show the reaction between the biogenic acid and the
subsequent reaction between gypsum and aluminate phase of cement resulting to formation of

ettringite (Sun, 2015).

H,S04 +Ca(OH), — CaS04.2H20 4.10

3CaS04 + 3Ca0.Al203.6H20 +26H20 — 3Ca0.A1203.3CaS04.32H20 411

Biogenic sulphuric acid generation through the microbial activities of acidophilic sulphur

oxidising bacteria contribute to lining degradation and corrosion of concrete and mortar in sewer

pipes (Valix and Shanmugarajah, 2015). The colonization of the microbes on the surface of the
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concrete and mortar material and subsequent formation of the biogenic acid lowers the surface pH.
This results in reduction of the mechanical properties of the exposed concrete and mortar surface
(Jean et al., 2013). Among the test bacteria, Starkeya novella was found to be more deleterious.
This particular strain of the bacteria has the ability to oxidize thiosulphate into sulphuric acid

(Munyao et al., 2020b; Sun et al., 2015).

PPC mortars (figure 4.12) exhibited some resistivity to bacterial attack when compared to OPC
microbial mortars (figure 4.13). This was attributed to pozzolanic activity (Muthengia, 2009).
Pozzolans consist of reactive silica and alumina, which reacts with the CH as the main hydration
product to form additional secondary cementitious material (C-S-H and C-A-H). This reaction
lowers the concentration of CH in pore solution hence inhibiting the pozzolanic cements from

attack by external materials such as biogenic acid, sulphates and chlorides (Walid et al., 2017).

The mechanical properties of the test cements were in agreement with the microstructural analysis
previously reported. The reported erosion of CH plates and the advance formation of ettringite
crystals within the pore matrixes of the exposed mortars in bacteria solution as observed in SEM
justified the observed decline in mechanical properties of bacteria prepared mortars. The selected
bacteria showed a potential to degrade and lower the mechanical properties of the commercial

made OPC and PPC mortars.

4.6.3 Effect of chemical sulphuric acid on compressive strength of PPC and OPC Mortars
Figure 4.16 show the percentage decrease in compressive strength for PPC and OPC (as calculated

using equation 4.9) when cured in 1.5% chemical sulphuric acid.
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Figure 4.16: Compressive Strength Decrease of OPC and PPC Mortars when cured in 1.5%
chemical sulphuric acid

The deterioration process observed in test mortars exposed to sulphuric acid mirrored the mortar
performances in bacteria solutions. However, the chemical sulphuric acid exhibited extreme
deterioration of cement strengths as early as at 2 days of exposure. Presence of chemical sulphuric
acid as a curing media subjected the test cements to very low pH. The dissociation of sulphuric
acid into H* and SO4? lowered the pH of the pore solution. This allowed immediate attack of the
CH and CSH by the H* resulting in formation of secondary gypsum (Fulin et al., 2021). The
formed CSH> triggered formation of ettringite. This is as described in equations 4.10 and 4.11.
OPC mortars showed extreme decline in compressive strength. The sharp decline in compressive
strength for OPC mortars was attributed to high CH and C-S-H phases in the pore solution (Lei et

al., 2019). These are the main hydration phases, which are prone to attack by either acids, chlorides



104

or sulphate ions (Zheng et al., 2020). The extent of degradation increased with increase in curing
period. Similar trend was observed in mortars prepared with microbial solutions. This was
attributed to higher pore formation as the acid reacted with the soluble constituents of the cement
(Yongchung et al., 2021). The sharp continued decline in strength was further attributed to the
micro cracks because of continued formation of ettringite (Hadigheh et al., 2017; Yuan et al.,
2013). There was observed whitish formation at the top of the mortar prisms with rust-like stain
on the surfaces of the exposed mortars as shown in plate 4.9. This was attributed to the acid attack
on the soluble constituents of the cement. The whitish material was attributed to the formation of

secondary gypsum as shown in equation 4.10 (Javad and Mahdi, 2019; Bakharev, 2005).

Plate 4.9: Mortar Prisms Exposed in sulphuric acid as a curing media
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4.7 Water Absorptivity
The percentage water absorptivity for PPC and OPC mortars prepared with distilled water as
controls and selected microbial solutions was calculated as defined in equation 3.6. Figure 4.17

show percentage gain in absorptivity for the control test cements of PPC and OPC.
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Figure 4.17: Percent water absorptivity for control PPC and OPC after 28" day of curing.

The percent water absorptivity in both test cements increased with increase in exposure duration.
This was attributed to the hygroscopic nature of cement (Fangzhou et al., 2021). Due to the heat
generated during the hydration, cement mortar form pores that allow water ingress into the mortar
matrix (Aiman et al., 2019). It was however noted that after the 120" hour, there was no

appreciable water absorption in either OPC or PPC. This was perhaps due to water saturation into
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the mortar matrix. Table 4.9, gives the summary of T-test analysis for the percentage water

absorption between OPC H-H and PPC H-H.

Table 4.9: Tca values for the water absorptivity between the controls of OPC and PPC at varied

exposure duration (Terit = 2.78 at 95% confidence level).

Exposure Duration (Hours)

025 05 15 3 5 8 24 48 72 96 120 144

168

Tcal | 3.02 887 10.86 11.94 13.96 15.00 18.41 19.43 22.67 21.37 21.37 2271 24.13

I 0.04 000 0.00 000 0.00 0.0 000 0.00 000 0.0 o0.00 0.00
value

0.00

There was observed significant difference in percent water absorptivity between control OPC and
PPC as shown in table 4.9 (Tca > Terit and p-value below 0.05 across all the exposure duration).
OPC exhibited higher percentage gain in water absorptivity than PPC in all the exposure duration.
This was attributed to pore structure of the OPC mortar matrix. The neat OPC has higher CaO
content, C3S and C3A phases, which upon hydration releases a high amount of heat (Hailong and
Le, 2020). The generated heat makes the surface more porous hence increasing its permeability

(Zhang and Zong, 2014).

The control PPC mortars exhibited reduced water absorptivity because of the pozzolana reaction
between the CH and the reactive silica and alumina from pozzolana. The resultant products (C-S-
H and C-AH) are denser and hence lowers the permeability of the PPC based cements (Diandian
et al., 2021). In addition, the pozzolana grains pack well within the matrix of the mortar /concrete
making it compact with minimal pores. This improves the reduction of water absorption by 45%

for pozzolana-based cements (Walid et al., 2017).
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Figures 4.18 and 4.19 represent the water absorptivity results for the mortars of OPC and PPC
prepared with solutions of Thiobacillus intermedius, Acidithiobacillus thiooxidans and Starkeya

novella bacteria at different treatment scenarios respectively.
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Figure 4.18: Water absorptivity for OPC mortars in varied bacteria solutions after 28" day of

curing
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Figure 4.19: Water absorptivity for PPC mortars in varied bacteria solutions after 28" day of curing

The water absorptivity gain increased with increase in exposure duration for both OPC and PPC
microbial treated mortars. This was as observed in control mortars. Tables 4.10 and 4.11 show the
summary of statistical T-test analysis capturing the Tca values at different exposure duration for
control OPC and PPC mortars prepared with respective selected bacteria solutions respectively.
The comparison for t-test was made for either OPC or PPC control mortars with a specific bacteria
solution as either mixing or curing media at a given time. The statistical analysis shows that there
was significance difference between the control OPC and the mortars of OPC prepared and cured
in varied bacteria solutions. This was observed across the different exposure durations. A similar

trend was observed in PPC mortars.



109

Table 4.10: Tca values between OPC control and OPC Mortars prepared with varied bacteria

solutions at different exposure durations (Tcrit = 2.78 at 95% confidence level)

Control Exposure Cement Mix Composition
Mortar Duration OPC OPC OPC OPC OPC OPC
(Hours) TI-H TI-TI AT-H AT-AT SK-H SK-SK
0.25 3.52 3.69 3.34 7.25 11.07 19.49
0.5 4.12 3.73 6.16 12.01 11.53 22.64
15 5.51 3.90 6.95 10.95 13.22 20.86
3 7.75 5.54 8.51 18.75 12.36 25.96
5 9.49 8.77 7.15 16.39 15.91 24.35
OPC 8 9.03 12.92 10.41 16.66 17.73 20.10
H-H 24 8.12 16.68 13.25 12.22 16.27 18.01
48 10.95 18.82 10.31 19.00 16.86 24.54
72 12.61 16.30 16.44 18.84 13.49 24.77
96 11.40 18.29 10.20 19.70 13.43 26.00
120 9.43 18.99 12.06 19.97 14.02 25.71
144 11.68 18.33 11.07 19.87 14.30 25.10
168 10.11 18.23 16.09 19.80 19.52 26.10

Table 4.11: Tca values between PPC control and PPC Mortars prepared with varied bacteria

solutions at different exposure durations (Tcrit = 2.78 at 95% confidence level)

Control Exposure Cement Mix Composition

Mortar Duration PPC PPC PPC PPC PPC PPC
(Hours) TI-H TI-TI AT-H AT-AT SK-H SK-SK

0.25 3.13 3.61 3.26 3.44 3.09 3.87

0.5 3.65 4.74 5.00 8.88 8.89 11.63

15 4.66 5.45 8.67 9.04 7.07 9.07

3 3.14 3.98 6.14 10.11 5.08 3.67

5 4.03 4.17 5.68 4.13 4.14 7.31

PPC 8 5.77 6.06 9.47 5.32 5.27 6.75
H-H 24 5.60 7.38 11.98 11.38 4.60 5.18
48 4.12 5.70 5.61 6.45 6.53 6.28

72 3.24 5.59 6.63 5.18 3.15 8.84

96 4.24 4.59 8.60 8.80 7.84 9.41

120 5.34 5.57 8.63 9.15 3.53 7.62

144 5.38 6.53 4.48 4.81 3.96 6.00

168 5.91 7.87 5.71 5.86 4.22 6.29




110

Single factor Anova analysis further showed that the absorptivity of the test cements varied
significantly when subjected in the selected test bacteria as either mixing or curing media. Table
4.12 gives the analysis of variance for OPC mortars when subjected to the selected bacteria after

28 days of curing.

Table 4.12: Analysis of variance for absorptivity test of OPC mortars in bacteria solutions

Groups Count Sum Average  Variance
OPC AT-H 39 210.39 5.39 7.84
OPC AT-AT 39 243.09 6.23 9.79
OPC TI-H 39 201.84 5.18 7.08
OPC TI-TI 39 206.67 5.30 7.14
OPC SK-H 39 266.79 6.84 11.63
OPC SK-SK 39 334.53 8.58 18.40
Source of Variation SS df MS F cal P-value F crit
Between Groups 333.75 5 66.75 6.47 0.00 2.25
Within Groups 2351.64 228 10.31
Total 2685.40 233

The prepared mortars of OPC and PPC, cast and cured using bacteria solution as both mixing and
curing media exhibited higher absorptivity gain as compared to those mortars prepared using
bacteria solutions and cured in water. Table 4.13 indicates the summary of the percentage gain in

water absorptivity for the microbial prepared mortars of OPC and PPC.



111

Table 4.13: Percentage gain in water absorptivity for OPC and PPC microbially prepared mortars

at 28 days of curing.

Cement Type
PPC
Test Bacteria Mortar Test Mortar Test
% Water Gain % Water Gain
Regime Regime

Thiobacillus OPC TI-H 11.19 PPC TI-H 5.11
Intermedius OPC TI-TI 17.66 PPC TI-TI 10.46
Acidithiobacillus OPC AT-H 14.70 PPC AT-H 6.04
thiooxidans OPC AT -AT 33.03 PPC AT -AT 17.30

OPC SK-H 50.93 PPC SK-H 16.67
Starkeya novella

OPC SK-SK 72.75 PPC SK-SK 25.32

The percent water absorptivity gain was higher in OPC mortars prepared with microbial solutions

than in PPC mortars. This was observed across all the treatment regimes. The increase in

absorptivity for the OPC mortars prepared with microbial solutions was attributed to the phase

composition of OPC (Hailong and Le, 2020). OPC has high affinity for attack by aggressive

material such as sulphates and chlorides due to high content of C3A phase (Bakharev, 2005). This

is as described in table 4.2. The activity of the bacteria facilitated the formation of aggressive

media (generation of biogenic sulphuric acid) which attacked the surface of the OPC matrix (Yu

etal., 2018).
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Starkeya novella exhibited the highest gain in water absorptivity across the test cements. This was
due to the ability of the Starkeya novella bacteria to generate high amounts of sulphuric acid as
compared to other test bacteria. The absorptivity results of the microbial treated mortars agreed
with the compressive strength data, SEM, XRD and FTIR data for the microbial treated mortars.
The secondary products observed in SEM, XRD and FTIR could have contributed to increase in
porosity of the exposed mortars to the bacteria solutions. This enhanced the observed higher uptake

of water by the microbial prepared mortars.

The absorptivity results show that the bacteria activity made the PPC and OPC mortar surfaces
more porous and hence allowed the ingress of external water. Absorptivity is a critical property in
evaluating the durability of cement-based materials (Vimal, 2009). The more porous the concrete
is, the higher the uptake of water and the lower the mechanical properties (Veera, 2021).
Compressive strength development of concrete and mortar is dependent on the volume of C-S-H,
which is indirectly proportional to the pores in the placed mortar and concrete (Mindess et al.,
2003). Further, this explains why the compressive strength of the microbial prepared mortars was
low. The activity of these deleterious bacteria in most of sewer areas would perhaps influence the

ingress of other injurious materials into the placed concrete and mortar and cause more damage.
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4.7.1 Sorptivity Coefficients

Sorptivity coefficients for control OPC and PPC and varied mortars of OPC and PPC prepared
with selected microbial solutions as either mixing water and /or curing media was determined after
28" day of curing as defined in section 3.3.8. Figures 4.20 and 4.21 represent the sorptivity
coefficients for the control OPC and PPC with their respective mortars prepared in varied bacteria

solutions respectively.
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Figure 4.20: Sorptivity coefficients for OPC H-H, OPC TI-TI, OPC AT-AT and OPC SK-SK after

28" day of curing.
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Figure 4.21: Comparative sorptivity coefficients for PPC H-H, PPC TI-TI, PPC AT-AT and PPC

SK-SK at 28 days of curing.

Results showed low sorptivity coefficient (k) for OPC H-H and PPC H-H as compared to other
mortars of OPC and PPC prepared with the microbial solutions. This observation mirrored the
absorptivity results. The high sorptivity coefficients in the OPC and PPC mortars prepared with
microbial solutions was attributed to the activities of the bacteria. However, the sorptivity
coefficients for the PPC mortars prepared with the microbial solutions was lower compared to the
OPC mortars prepared with similar microbial solutions. This was attributed to the pozzolanic
activity that leads to densification of the resultant mortar through formation of secondary C-S-H

in pozzolana-based cements (Daniel et al., 2019; Walid et al., 2017).
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Table 4.14 summarizes the sorptivity coefficient values for both control and mortars of OPC and
PPC prepared with microbial solutions at 28 days of curing. As observed, the control OPC (OPC
H-H) exhibited higher sorptivity coefficient than control PPC (PPC H-H). This observation agreed
with the chemical and phase composition of the test cements as described in table 4.1 and 4.2.
OPC has higher CaO and CsS, C,S and CsS phases, which upon hydration has the affinity for

higher permeability due to high heat of hydration (Scrivener et al., 2015).

Table 4.14: Sorptivity coefficient values for control and microbial OPC and PPC at 28 days of

curing
Cement Type Mortar Description Sorptivity Coefficient

OPC H-H 0.0382
OPC TI-TI 0.0437

OPC
OPC AT-AT 0.0513
OPC SK-SK 0.0703
PPC H-H 0.0334
PPC TI-TI 0.0382

PPC
PPC AT-AT 0.0393
PPC SK-SK 0.0402

OPC mortars cast using microbial solutions exhibited higher sorptivity coefficients than the
corresponding PPC mortars cast using the same microbial solutions. This was attributed to the
massive formation of ettringite on the pore surface of the OPC mortars (Lei et al., 2019). This
observation agreed with SEM micrographs where the mortars prepared using microbial solutions
showed formation of ettringite crystals. The formation of ettringite (AFt) would cause expansion

of exposed mortar leading to formation of micro-cracks within the pore structure (Mari et al.,
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2021). The formed micro-cracks would form suitable conduits for the ingress of water and/ other

external material into the mortar and concrete matrix (Zhenyun et al., 2021).

The sorptivity coefficient results for the mortars prepared with microbial solutions agreed with the
mechanical and microstructural test results as reported in previous sections of this work. The test
results showed that the selected bacteria increased the sorptivity coefficients of the test mortars.

This has a direct negative effect on the durability of such exposed concrete and mortar structures.

4.8 Chloride ingress
4.8.1 Chloride Profiling

Figure 4.22 represent the chloride ion ingress in mortars of PPC H-H and OPC H-H at different

penetration depths after 28" day of curing.
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Figure 4.22: Chloride ingress in mortars of PPC H-H and OPC H-H after 28"" of curing
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The findings of the test analysis indicate that chloride ion intrusion into the cement mortar matrix
reduced as the penetration depth increased in both PPC and OPC. This was due to the binding
ability of chlorides by the cementitious materials (Chunyu et al., 2019). Cementitious materials
have the ability to bind chloride ions (Muralidharan et al., 2005). The binding happens because of
adsorption of chloride ions on the calcium silicate hydrate phase (Chunyu et al., 2019). The
resultant process leads in formation of Kuzel salt, CasAl2(OH)12CI(SO4)0.5.5H20 and Friedels salt,
CasAl2(OH)12Cl.4H20 (Mesbah et al., 2011, Birnin and Glasser, 1998). The binding of some of
the chloride ions by the cement material lowers the ingress of the free chloride ions into the pore
solution of the cement mortar and/ or concrete and hence minimizing the corrosion of the rebar

(Glass and Buenfeld, 2000).

PPC H-H exhibited reduced chloride ingress as compared to OPC H-H. This was attributed to
pozzolanic reaction that results in formation of additional C-S-H and C-A-H in pozzolana-based
cements (Zornoza et al., 2009). Pozzolanic materials added in cement serve as secondary
cementitious materials. These materials are rich with reactive silica and alumina, which takes up
the CH from the cement hydration to form additional secondary hydration products. Thomas et al.
(2012) while studying on the effect of supplementary cementitious materials on chloride binding
in hardened cement paste reported that supplementary cementitious materials influence the
chloride binding ability. The authors (Thomas et al., 2012) pointed out that the reactive alumina
content in supplementary cementitious materials (Fly Ash, natural pozzolans, slag) enhances the
formation of Friedels salt. This hinders the ingress of chloride ions in blended cements. Qiao et al.

(2018), Glass and Buenfeld (2000), and Martin-Perez et al. (2000), made similar observations.
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Additionally, the decrease in chloride ingress in control PPC was perhaps due to decreased
permeability observed in pozzolanic-based cements. This was as reported in water absorptivity test
results and SEM morphology for the PPC. Due to pozzolanic activity, the resultant mortar was
denser and more packed and hence made the pore structure more compact. Studies done by
Zornoza et al. (2009) implied that incorporation of spent cracking catalyst (FC3R) on OPC mortars
lowered the chloride ingress in OPC mortars. The authors attributed the resistance to pozzolanic
reaction of FC3R that resulted in higher proportions of hydrated calcium aluminates and silico-
aluminates. According to Zornoza et al. (2009), the formation of Friedels salt in pozzolana-based
cements improves on the chloride binding capacity. This is as shown in equation 4.12 (Zornoza et

al., 2009).

CaCl, +C,Al,0,.8H,0 + 2H,0 — Ca,Al,O,Cl,.10H,0 4.12

The higher uptake of chloride ingress in OPC H-H was attributed to phase composition as
described in table 4.2. OPC has higher C3S and CsA phases, which upon hydration release high
heat (Hailong and Le, 2020. The heat generated causes increased pore structure and hence
improved permeability (Huawei et al., 2020). This observation agreed with the water absorptivity
results. This could perhaps allow the ingress of chloride ions into the mortar matrix. Further, as
reported in SEM results, there were extensive formation of CH plates in OPC mortars. CH forms

a suitable attack point by chlorides (Kirubajiny et al., 2021).
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Figures 4.23 and 4.24 represents the chloride ion ingress in hydrated mortars of PPC and OPC

when prepared with Thiobacillus intermedius, Acidithiobacillus thiooxidans and Starkeya novella

bacteria medium after 28" day of curing respectively.
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Figure 4.23: Chloride ingress in PPC Mortars Prepared with Selected Bacteria Solutions after 28™

day of curing
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Figure 4.24: Chloride ingress in OPC Mortars Prepared with Selected Bacteria Solutions after 28™

day of curing

Figures 4.23 and 4.24 show that the ingress of chloride ions decreased with increase in penetration
depth in both test cements. This was as observed in figure 4.22. However, it was observed that the
bacteria prepared mortars exhibited increase in chloride ingress across all the penetration depth as
compared to the control mortars (PPC H-H and OPC H-H). This was attributed to the attack by

aggressive biogenic sulphuric generated by the bacteria activities (Tahereh et al., 2017).
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Moreover, the reaction between the generated biogenic sulphuric acid from the bacterial activities
and the hydration product (CH) resulted in formation of expansive secondary gypsum and
ettringite. This was as confirmed from the SEM analysis results. The formed expansive products
would perhaps result in formation of micro- cracks within the pore system of the exposed cement
mortar. The formed micro cracks would act as conduit for the ingress of the chloride (Huawei et

al., 2020; Munyao et al., 2020a).

Based on the test results, the cement mortars exposed to Starkeya novella gave higher chloride
ingress as compared to Thiobacillus intermedius and Acidithiobacillus thiooxidans. This was
perhaps due to the ability of Starkeya novella to generate higher amounts of biogenic sulphuric
acid compared to the other two bacteria within the defined time. The reaction of biogenic acid with
the cement constituents would result in formation of expansive secondary ettringite within the pore
system. The formed ettringite would enhance formation of micro-cracks hence allowing ingress of
chloride ions into the exposed mortar. The performance of Starkeya novella on chloride ingress
and subsequent degradation of the cement mortars agreed with the other test results such as

compressive strength, setting time and absorptivity previously reported in this work.

4.8.2 Chloride Apparent Diffusivity Coefficients

The chloride apparent diffusivity coefficients for the control and microbial PPC and OPC test
cements were determined using the error function-fitting curve. Figure 4.25 show the typical
chloride error function-fitting curve for PPC SK- SK. Similarly, the apparent chloride diffusion

coefficients for the other test mortars were determined using similar error function fitting curves.
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The summary of error fitting data for both control and mortars of PPC and PPC prepared with

microbial solutions is as tabulated in table 4.15.
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Figure 4.25: Error function fitting curve for PPC SK-SK Dapp = (6.2077 X 10°2° m?%/s, r? = 0.9808).



Table 4.15: Dmig, Dapp and r? values for control and microbial prepared PPC and OPC Mortars in

NaCl
Test Cement Sample Dmig (M?/s) Dapp X 101°m?/s r? values
PPC H-H 6.6016 x 10°° 3.3484 0.9814
PPC TI-H 7.5956 x 10°° 3.8526 0.9475
PPC TI-TI 8.5306 x 10° 4.3268 0.9513
PPC AT-H 7.4871x10° 3.7975 0.9509
PPC AT-AT 7.9015 x 10°° 4.0077 0.9514
PPC SK-H 7.7783 x 10° 3.9452 0.9479
PPC SK-SK 1.2239 x 1078 6.2077 0.9808
OPC H-H 1.5505 x 1078 7.8643 0.9605
OPCTI-H 1.5517 x 1078 7.8704 0.9549
OPC TI-TI 1.5617 x 1078 7.9211 0.9544
OPC AT-H 1.5542 x 1078 7.883 0.9609
OPC AT-AT 1.5621 x 1078 7.9231 0.9556
OPC SK-H 1.5552 x 1078 7.8881 0.9600
OPC SK-SK 1.6363 x 108 8.2995 0.9542

Generally, mortars prepared with microbial solutions exhibited significantly higher chloride
apparent diffusion coefficients as compared to the controls. This was perhaps due to the corrosive
activities of the microbes, which increased the pore structure of the exposed cement mortars.
Studies conducted by Xiuli et al. (2015) revealed that multiscale pores influenced the apparent

diffusion coefficient of chloride ions in cement-based materials. The authors argued that the nature
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of the pores varied from the gel pores, capillary pores, entrained and entrapped voids. These voids

facilitated the transport of chloride within the cement paste matrix.

The chloride apparent diffusion for the PPC mortars prepared with microbial was low compared
to that of OPC. This was attributed to the high binding ability of pozzolans. The resultant mortar
from PPC is denser and compact due to pozzolanic activity. This lowers the pores sizes of the
mortar surface and hence reduced chloride diffusivity. According to Jin et al. (2010), virtually all
cement made structures operate under complex stress circumstances of compression, torsion and
tension. The external mechanical loadings affect the distribution of the pores within the placed
concrete and mortar structure. This yields in formation of new micro cracks that forms suitable
conduit for diffusivity of aggressive medium into the concrete matrix (Xiuli et al., 2015). The
biogenic sulphuric acid generated by the selected bacteria increased the permeability of the
exposed microbially prepared cement mortars. This resulted in increase in apparent diffusion

coefficients as observed.

OPC SK-SK exhibited higher apparent chloride diffusion coefficient (Dapp = 8.2995 x 1071° m?/s).
This was due to the pore structure of the OPC SK-SK. The composition of OPC favours the
formation of more pores on the surface due to high amount of heat generated by the hydration
process (Patel et al., 2016). Huawei et al. (2020) while studying on the effect of chloride ion
ingress on the pore structure of the connected mortar of recycled coarse aggregate found a strong
correlation between chloride permeability and the pore structure of the concrete. The SEM results

revealed high formation of expansive ettringite crystals on OPC SK-SK mortars. These could
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equally increase the pore structure of the OPC mortar and hence facilitate higher transportation of

the chloride ions into the pore matrix.

4.9 Sulphate ingress
4.9.1 Sulphate Profiling
Figures 4.26 show the sulphate ion ingress in OPC H-H and PPC H-H mortars at different

penetration depths after 28" day of curing.
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Figure 4.26: Sulphate ingress in mortars of OPC H-H and PPC H-H after 28" day of curing
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The analysis results showed that the sulphate ion ingress in cement mortars decreased with increase
in penetration depth for both test cements. This was as observed in the case of chloride diffusion
test. OPC mortars exhibited higher sulphate ion ingress than PPC across all the penetration depth.
This was attributed to the chemical and phase composition of OPC as described in table 4.1 and
4.2. The hydration of OPC results in generation of high amount of heat due to high content of CaO,
CszA and C3S (Scrivener et al., 2015). The generated heat of hydration in OPC would cause increase
in pore size of the placed concrete and mortar. The formed pores would form suitable pathways
for the external sulphate to ingress (Tai et al., 2019). As observed from SEM results, OPC
exhibited high formation of CH plates within the pore matrix. CH and C3A act as suitable attack
point by sulphates resulting in formation of destructive ettringite crystals as described in equation

4.11 (Fang et al., 2021).

The observed low sulphate ingress in PPC mortars was perhaps due to the pozzolanic activity
(Kunther et al., 2015; Yu et al., 2015). Pozzolanic reaction results in formation of additional C-S-
H and C-A-H as described in equations 4.3 and 4.4 (Whittaker et al., 2016; Muller et al., 2013).
The secondary materials generated improve the density and impermeability of resultant mortar and
hence hinders the high rate of sulphate ingress into the mortar matrix of PPC (Michael and Thomas,
2019). Further, Pozzolanic materials have low alkali content due to reduced CaO, Na;O and K0
levels as described in table 4.1. Low alkali content in the pore matrix of the PPC mortars would
further reduce any possible expansion due to alkali silica reaction (Michael and Thomas, 2019).
This results in dense mortars and hence improved pore networks within the matrix. This was as

observed in water absorptivity results.
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The sulphate ingress results in mortars of OPC and PPC prepared and cured with Thiobacillus
intermedius, Acidithiobacillus thiooxidans and Starkeya novella bacteria medium after 28" day of

curing are presented in figures 4.27 and 4.28 respectively.
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Figure 4.27: Sulphate ingress in OPC Mortars Prepared with Selected Bacteria Solutions after 28™

day of curing
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Figure 4.28: Sulphate ingress in PPC Mortars Prepared with Selected Bacteria Solutions after 28™

day of curing

The test results as illustrated in figures 4.27 and 4.28 show that the ingress of sulphate ions was
more pronounced in the mortars cast using the bacteria solutions in both OPC and PPC test
cements. This was attributed to the deleterious effect of biogenic sulphuric acid generated by the
test bacteria (Azam et al., 2014). The resultant biogenic acid would attack the soluble constituents
of the cement mortar leading to formation of several pores within the matrix of the exposed mortar.

The formed pores form pathway for ingress of sulphates into the mortar matrix (Sun, 2015). The
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extent of sulphate ingress in cement mortars largely depend on the permeability of the exposed

concrete surface (Burak et al. 2006).

The reaction of biogenic sulphuric acid generated by the bacteria activities result in formation of
gypsum and ettringite as described in equation 4.10 and 4.11. The formed gypsum and ettringite
ultimately disrupts the integrity of the hardened concrete and mortar (Fang et al., 2021). The
formation of secondary gypsum and ettringite in the pore structure of the hardened mortar or
concrete uninterruptedly fills the inner pores of the exposed mortar and concrete resulting in
expansion and spalling (Yingwu et al., 2015). The expanded concrete surface causes formation of
micro-cracks and hence makes the surface of the concrete and mortar more porous. This allows
the transport of other deleterious materials into the pore matrix of the exposed mortar or concrete

(Tkumi et al., 2014).

4.9.2 Sulphate Apparent Diffusivity Coefficients

The sulphate apparent diffusivity coefficients for the control and microbial PPC and OPC test
cements were determined using the error function fitting curves. Figure 4.29 show the typical error
function-fitting curve for PPC SK- SK. Similarly, the apparent sulphate diffusion coefficients for
the other test mortars were determined using similar error fitting curves error function-fitting
curve. The summary of error fitting data for both control and mortars of PPC and PPC prepared

with microbial solutions is as tabulated in table 4.16.
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Figure 4.29: Error function fitting curve for PPC SK-SK Dapp = (8.7043 X 10° m?%/s, r? = 0.9742).
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Table 4.16: Dmig, Dapp and r? values for control and microbial prepared PPC and OPC Mortars in
Na2SO4

Test Cement Sample Dmig X108 (m?/s) Dapp(m?/s) r2 values
PPC H-H 3.2111 8.1434 x 10! 0.9745
PPC TI-H 3.2615 8.2714 x 10°1° 0.9752

PPC TI -TI 3.2666 8.2841 x 1010 0.9735
PPC AT-H 3.2716 8.2969 x 10°1° 0.9741
PPC AT- AT 3.2721 8.2981 x 1010 0.9736
PPC SK-H 3.4305 8.6999 x 10°%° 0.9741
PPC SK -SK 3.4322 8.7043 x 10°1° 0.9742
OPC H-H 3.7819 9.5912 x 101 0.9789
OPC TI-H 4.2817 1.0859 x 107 0.9704
OPC TI -TI 45749 1.1602 x 107 0.9719
OPC AT-H 4.3085 1.0927 x 10 0.9728
OPC AT -AT 4.7336 1.2005 x 107 0.9747
OPC SK-H 5.0969 1.2926 x 10°° 0.9793
OPC SK -SK 5.3477 1.3562 x 107 0.9797

The test mortars prepared with the selected test bacteria showed higher sulphate apparent diffusion
coefficients than the controls. This was as observed in chloride tests. The observed higher sulphate
diffusion coefficients for the bacteria prepared mortars was because of the deleterious activities of

the bacteria (Yudong et al., 2019).
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However, OPC bacteria mortars exhibited higher apparent sulphate diffusion coefficients than
PPC. This was due to high C3A phase in OPC as described in table 4.2 and advanced formation of
CH plates in hydrated OPC as observed from SEM morphology. Presence of high C3A and CH
facilitates a suitable attack point by sulphate to form ettringite. Due to the expansive nature of the
ettringite crystals, this would perhaps cause multiple micro cracks within the pore structure of the

OPC and hence facilitate higher diffusion of sulphate ions (Yingwu et al., 2015).

Presence of ettringite accounts for the formation of discrete cracks that enhances transport of
sulphate ions and other deleterious materials into the cement pore matrix (ldiart et al., 2011).
Further, studies conducted by Zuo and Sun (2011), showed that the amount of calcium hydroxide
in the pore solution influenced the diffusion of sulphate ions. The authors reported that the higher
the CH and CzA, the higher the ettringite formation and subsequently the higher the sulphate
diffusivity. The resultant C-S-H gel from the OPC hydration would absorb sulphate and cause

decline in structural quality (Fall and Pokharel 2010).

The apparent sulphate diffusion coefficients for the bacteria prepared PPC mortars was not as
pronounced as in OPC bacteria mortars. This was attributed to the pozzolanic activity in PPC based
cements (Munyao et al., 2020a). Replacement of OPC with pozzolana lowers the resultant CH
content, which is the active attack point by the sulphates. Moreover, the reactive silica and alumina
in pozzolans reacts with the resultant calcium hydroxide upon hydration to form additional C-S-H
and C-A-H as described in equations 4.3 and 4.4. The SEM analysis showed improved C-S-H
formation in pozzolanic cement. This perhaps would result in improved pore network within the

microstructure of PPC and hence reduced diffusivity by the sulphate ions. Studies conducted by
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Ogawa et al. (2012) showed that incorporation of slag with higher pozzolanic activity lowered the
sulphate diffusion in concrete. Several other authors have reported the ability of pozzolanic
cements to resist sulphate diffusivity (Xiancui et al., 2020; Zhenguo et al., 2019; Uysal et al.,

2013; Vedalakshmi et al., 2011; Gollop and Taylor, 1996).
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In consideration of the results and analysis made, the following conclusions were drawn:

The chemical and phase composition of the commercial OPC and PPC met the desired
requirements as described in KS EAS 18:1-2017

All the physical characteristics (standard consistency, setting time and soundness) of the
test cements prepared with distilled water and selected microbial solutions conformed with
the KS EAS 18-1 2017 standard. The activity of the test bacteria did not affect the physical
characteristics of the test cements.

The selected bacteria significantly decreased the compressive strengths of the commercial
OPC and PPC mortars after 28" day of curing. Starkeya novella exhibited the highest
compressive strength decrease of 27.82 % and 33.50 % for PPC and OPC at 90™" day of
curing respectively.

The selected bacteria significantly affected the microstructure of the hydrated OPC and
PPC mortars. There was enhanced formation of deleterious secondary materials within the
pore matrix of the mortars prepared and cured in microbial solutions.

The selected bacteria significantly affected the water absorptivity of the commercial OPC
and PPC mortars. OPC SK-SK recorded the highest water absorptivity of 72.75% against
PPC SK-SK water absorptivity of 25.32%. Chloride and sulphate ion ingress increased

significantly on bacteria prepared mortars of PPC and OPC as compared to the controls.
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5.2 Recommendations from this research work

The results obtained from this work recommends the following:

A method on remediation of concrete and mortar exposed to microbial degradation to be
investigated.

Mechanical monitoring to be carried out on insitu concrete structures especially in sewer
and water collection systems to assess the extent of bacterial deterioration. This will
guide in evaluating the service life and durability of such structures and appropriate
mitigation measures to be put in place.

A study to monitor the presence of the tested bacteria to be investigated in wastewater

collection systems.

5.3 Recommendation for Further work

Based on the research findings of this work, the following are recommendations for further

research:

Study to investigate the long-term durability of surface treatment on the exposed concrete
structures to be carried out.

Need to study the characteristics of other bacteria strains present in sewer collection areas
and their contribution to the durability of concrete and cement-based materials.

Study to be carried out on the influence of other microorganisms such as algae and fungi
in enhancing the activities of the deleterious bacteria on exposed concrete and mortar

structures.
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Curing OPC OPC OPC OPC OPC OPC OPC
Period H-H AT-H AT-AT TI-H TI-TI SK-H SK-SK
27.40 27.40 26.80 27.20 27.20 27.10 28.00
2 Days 26.00 27.00 27.60 27.20 27.20 27.10 26.00
28.20 27.20 27.20 27.20 27.20 27.40 27.00
Average 27.20 27.20 27.20 27.20 27.20 27.20 27.00
40.63 40.64 40.62 40.62 40.58 40.61 40.60
7 Days 40.62 40.63 40.64 40.62 40.65 40.63 40.63
40.63 40.62 40.62 40.62 40.64 40.64 40.63
Average 40.63 40.63 40.63 40.62 40.62 40.63 40.62
48.90 39.50 38.90 39.90 39.60 38.60 38.40
28 days 48.70 39.50 38.90 39.90 39.60 38.90 38.70
49.00 39.50 38.90 39.90 39.60 39.00 38.30
Average 48.87 39.50 38.90 39.90 39.60 38.83 38.47
49.10 36.70 35.70 39.20 38.70 35.77 34.76
56 days 48.90 36.70 35.90 38.60 38.60 35.77 34.76
48.60 36.70 35.50 38.70 38.20 35.77 34.76
Average 48.87 36.70 35.70 38.83 38.50 35.77 34.76
48.90 33.80 32.80 36.20 35.00 33.40 32.50
90 days 48.84 33.80 32.60 35.80 35.20 33.40 32.70
48.87 33.80 33.00 36.00 35.40 33.40 32.30
Average 48.87 33.80 32.80 36.00 35.20 33.40 32.50
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Appendix 3: Statistical Analysis for compressive strength of OPC at varied curing durations

T-Test analysis for OPC H-H and OPC AT-H at 2 days of curing.

OPC H-H OPC AT-H
Mean 27.2 27.2
Variance 1.24 0.04
Sample size 3 3
Degree of freedom 4
tcal 0
Pval 1
Lerit 2.78

T-Test results for OPC H-H and OPC AT-H at 7 days of curing.

OPC H-H OPC AT-H
Mean 40.63 40.63
Variance 0.00 0.00
Sample size 3 3
Degree of freedom 4
Teal 0.50
Pval 0.64
Terit 2.78
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T-Test analysis for OPC H-H and OPC AT-H at 28 days of curing.

OPC H-H OPC AT-H
Mean 48.87 39.5
Variance 0.02 0
Sample size 3 3
Degree of freedom 4
Teal 6.21
Pval 0.00
Terit 2.78
T-Test analysis for OPC H-H and OPC AT-H at 56 days of curing.
OPC H-H OPC AT-H
Mean 48.87 36.7
Variance 0.06 0
Sample size 3 3
Degree of freedom 4
Teal 13.74
Pval 0.00
Terit 2.78
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T-Test analysis for OPC H-H and OPC AT-H at 90 days of curing.

OPC H-H OPC AT-H
Mean 48.87 33.8
Variance 0.00 0
Sample size 3 3
Degree of freedom 4
Teal 17.07
Pval 0.00
Terit 2.78

T-Test analysis for OPC H-H and OPC AT-AT at 2 days of curing.

OPC H-H OPC AT-AT
Mean 27.2 27.2
Variance 1.24 0.16
Sample size 3 3
Degree of freedom 4
Teal 0.00
Pval 1
Terit 2.78
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T-Test analysis for OPC H-H and OPC AT-AT at 7 days of curing.

OPC H-H OPC AT -AT

Mean 40.63 40.63
Variance 0.00 0.00
Sample size 3 3
Degree of freedom 4
Teal 0.00

Pval 1

Terit 2.78

T-Test analysis for OPC H-H and OPC AT-AT at 28 days of curing

OPC H-H OPC AT-AT

Mean 48.87 38.9
Variance 0.02 0
Sample size 3 3
Degree of freedom 4
Teal 13.01
Pval 0.00
Terit 2.78
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T-Test analysis for OPC H-H and OPC AT-AT at 56 days of curing

OPC H-H OPC AT- AT
Mean 48.87 35.7
Variance 0.06 0.04
Sample size 3 3
Degree of freedom 4
Teal 12.94
Pval 0.00
Terit 2.78
T-Test analysis for OPC H-H and OPC AT-AT at 90 days of curing
OPC Control OPC AT (AT)
Mean 48.87 32.80
Variance 0.00 0.04
Sample size 3 3
Degree of freedom 4
Teal 17.63
Pval 0.00
Terit 2.78
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T-Test analysis for OPC H-H and OPC TI-H at 2 days of curing

OPC H-H OPC TI-H

Mean 217.2 27.2
Variance 1.24 0
Sample size 3 3
Degree of freedom 4

Teal 0

Pval 1

Terit 2.78
T-Test analysis for OPC H-H and OPC TI-H at 7 days of curing

OPC H-H OPC TI-H

Mean 40.63 40.62
Variance 0.00 0
Sample size 3 3
Degree of freedom 4

Teal 2.00

Pval 0.12

t Critical two-tail 2.78
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T-Test analysis for OPC H-H and OPC TI-H at 28 days of curing

OPC H-H OPC TI-H
Mean 48.87 39.9
Variance 0.02 0
Sample size 3 3
Degree of freedom 4
teal 11.67
Pval 0.00
Lerit 2.78

T-Test analysis for OPC H-H and OPC TI-H at 56 days of curing

OPC H-H OPC TI-H
Mean 48.87 38.83
Variance 0.06 0.10
Sample size 3 3
Degree of freedom 4
teal 12.57
Perit 0.00
terit 2.78
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T-Test analysis for OPC H-H and OPC TI-H at 90 days of curing

OPC H-H OPC TI-H
Mean 48.87 36
Variance 0.00 0.04
Sample size 3 3
Degree of freedom 4
teal 18.22
Pval 0.00
terit 2.78

T-Test analysis for OPC H-H and OPC TI-TI at 2 days of curing

OPC H-H OPC TI-TI
Mean 27.2 27.2
Variance 1.24 0
Sample size 3 3
Degree of freedom 4
teal 0.00
Pval 1
terit 2.78
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T-Test analysis for OPC H-H and OPC TI-TI at 7 days of curing

OPC H-H OPC TI-TI
Mean 40.63 40.62
Variance 0.00 0.00
Sample size 3 3
Degree of freedom 4
teal 0.15
Pval 0.89
Lerit 2.78

T-Test analysis for OPC H-H and OPC TI-TI at 28 days of curing

OPC H-H OPC TI-TI
Mean 48.87 39.6
Variance 0.02 0
Sample size 3 3
Degree of freedom 4
teal 15.07
Pval 0.00
terit 2.78
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T-Test analysis for OPC H-H and OPC TI-TI at 56 days of curing

OPC H-H OPC TI-TI
Mean 48.87 38.5
Variance 0.06 0.07
Sample size 3 3
Degree of freedom 4
teal 19.17
Pval 0.00
terit 2.78
T-Test analysis for OPC H-H and OPC TI-TI at 90 days of curing
OPC H-H OPC TI-TI
Mean 48.87 35.2
Variance 0.00 0.04
Sample size 3 3
Degree of freedom 4
teal 17.08
Pval 0.00
terit 2.78
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T-Test analysis for OPC H-H and OPC SK-H at 2 days of curing

OPC H-H OPC SK-H
Mean 27.2 217.2
Variance 1.24 0.03
Sample size 3 3
Degree of freedom 4
tal 0
Pval 1
Lerit 2.78
T-Test analysis for OPC H-H and OPC SK-H at 7 days of curing

OPC H-H OPC SK-H

Mean 40.63 40.63
Variance 0.00 0.00
Sample size 3 3
Degree of freedom 4
teal 0.00
Pval 1
terit 2.78
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T-Test analysis for OPC H-H and OPC SK-H at 28 days of curing

OPC H-H OPC SK-H
Mean 48.87 38.83
Variance 0.02 0.04
Sample size 3 3
Degree of freedom 4
teal 17.31
Pval 0.00
Lerit 2.78

T-Test analysis for OPC H-H and OPC SK-H at 56 days of curing

OPC H-H OPC SK-H
Mean 48.87 35.77
Variance 0.06 0
Sample size 3 3
Degree of freedom 4
teal 9.14
Pval 0.00
terit 2.78
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T-Test analysis for OPC H-H and OPC SK-H at 90 days of curing

OPC H-H OPC SK-H
Mean 48.87 33.4
Variance 0.00 0
Sample size 3 3
Degree of freedom 4
teal 9.16
Pval 0.00
terit 2.78

T-Test analysis for OPC H-H and OPC SK-SK at 2 days of curing

OPC H-H OPC SK - SK

Mean 27.2 27
Variance 1.24 1
Sample size 3 3
Degree of freedom 4

teal 0.23

Pval 0.83

terit 2.78
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T-Test analysis for OPC H-H and OPC SK-SK at 7 days of curing

OPC H-H OPC SK- SK

Mean 40.63 40.62
Variance 0.00 0.00
Sample size 3 3
Degree of freedom 4
teal 0.63

Pval 0.56

Lerit 2.78

T-Test analysis for OPC H-H and OPC SK-SK at 28 days of curing

OPC H-H OPC SK - SK

Mean 48.87 38.47
Variance 0.02 0.04
Sample size 3 3

df 4

teal 9.77

Pval 0.00

terit 2.78
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T-Test analysis for OPC H-H and OPC SK-SK at 56 days of curing

OPC H-H OPC SK -SK
Mean 48.87 34.76
Variance 0.06 0.00
Sample size 3 3
Degree of freedom 4
teal 9.09
Pval 0.00
terit 2.78

T-Test analysis for OPC H-H and OPC SK-SK at 90 days of curing

OPC H-H OPC SK- SK
Mean 48.87 32.50
Variance 0.00 0.04
Sample size 3 3
Degree of freedom 4
teal 14.20
Pval 0.00
terit 2.78
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Curing PPC PPC PPC PPC PPC PPC PPC
Period H-H AT-H AT- AT TI-H TI-TI SK-H SK-SK
16.20 16.00 15.80 16.00 16.40 16.00 16.20
2 Days 15.80 16.00 16.20 16.00 15.60 16.00 16.40
16.00 16.00 16.00 16.00 16.00 16.00 15.40
Average 16.00 16.00 16.00 16.00 16.00 16.00 16.00
26.10 26.20 26.00 26.20 26.40 26.10 26.10
7 Days 26.20 26.20 26.40 26.20 26.10 26.10 26.10
26.30 26.20 26.20 26.20 26.10 26.10 26.10
Average 26.20 26.20 26.20 26.20 26.20 26.10 26.10
36.30 33.80 33.40 34.90 34.70 33.20 32.80
28 days 36.60 33.80 33.80 34.90 34.70 33.00 33.00
36.00 33.80 33.20 34.90 34.70 32.80 32.90
Average 36.30 33.80 33.47 34.90 34.70 33.00 32.90
39.62 33.00 33.00 33.20 32.90 32.62 32.60
56 days 39.92 32.40 32.80 34.60 34.00 32.62 32.40
39.89 33.00 32.82 34.60 34.20 32.62 32.20
Average 39.81 32.80 32.87 34.60 33.80 32.62 32.40
42.50 32.00 31.37 34.00 33.80 31.88 30.70
90 days 42.30 31.80 31.37 33.80 33.80 31.88 30.70
42.80 32.20 31.37 34.20 33.80 31.88 30.70
Average 42.53 32.00 31.37 34.00 33.80 31.88 30.70
Appendix 5: Raw Data for Setting Times of PPC Pastes
PPC H-H PPC AT PPC TI PPC SK
. : : 180 190 190 195
Initial Setpng Time 175 195 180 200
(Mins)

185 185 170 190

Average 180 190 180 195

_ i i 250 250 250 255

Final Sett_lng Time 250 255 250 255

(Mins)
250 245 250 255
Average 250 250 250 255
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Appendix 6: Raw Data for Chloride analysis of OPC H-H

Chloride concentration in % Average Standard

Depth (mm)
Sample 1 Sample 2 Sample 3 Calculated Deviation
10 0.1678 0.1683 0.1673 0.1678 +0.0004
20 0.1504 0.1507 0.1501 0.1504 +0.0002
30 0.1134 0.1142 0.1138 0.1138 +0.0003
40 0.078 0.079 0.0785 0.0785 +0.0004
50 0.051 0.0518 0.0514 0.0514 +0.0003
60 0.0434 0.0438 0.043 0.0434 +0.0003
70 0.0375 0.0377 0.0373 0.0375 +0.0001
80 0.0326 0.0328 0.033 0.0328 +0.0001

Appendix 7: Raw Data for Chloride analysis of OPC TI-H

Chloride concentration in % Average
Depth (mm) Standard Deviation
Sample 1 Sample 2 Sample 3 Calculated
10 0.1846 0.1853 0.1839 0.1846 + 0.0006
20 0.1689 0.17 0.1678 0.1689 +0.0009
30 0.1282 0.1324 0.1303 0.1303 +0.0017
40 0.0951 0.0954 0.0948 0.0951 +0.0002
50 0.0768 0.075 0.0759 0.0759 +0.0007
60 0.0611 0.0627 0.0619 0.0619 +0.0007
70 0.0604 0.0609 0.0599 0.0604 +0.0004
80 0.0569 0.0543 0.0556 0.0556 +0.0011
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Appendix 8: Raw Data for Chloride concentration of OPC TI-Tl

Chloride concentration in % Average Standard

Depth (mm)
Sample 1 Sample 2 Sample 3 Calculated Deviation
10 0.1862 0.1866 0.1864 0.1864 +0.0002
20 0.1704 0.1707 0.1701 0.1704 +0.0002
30 0.1313 0.1318 0.1323 0.1318 +0.0004
40 0.0963 0.0969 0.0957 0.0963 +0.0005
50 0.0768 0.0774 0.0771 0.0771 +0.0002
60 0.0631 0.0639 0.0623 0.0631 +0.0007
70 0.0611 0.0622 0.06 0.0611 + 0.0009
80 0.0571 0.058 0.0562 0.0571 +0.0007

Appendix 9: Raw Data for Chloride analysis of OPC AT-H

Chloride concentration in % Average Standard

Depth (mm)
Sample 1 Sample 2 Sample 3 Calculated Deviation
10 0.1889 0.1892 0.1886 0.1889 +0.0002
20 0.1681 0.1685 0.1677 0.1681 +0.0003
30 0.1323 0.1329 0.1317 0.1323 +0.0005
40 0.0969 0.0971 0.0967 0.0969 +0.0002
50 0.0785 0.079 0.078 0.0785 +0.0004
60 0.0634 0.0631 0.0637 0.0634 +0.0002
70 0.0615 0.0618 0.0612 0.0615 +0.0002
80 0.0561 0.0568 0.0554 0.0561 +0.0006
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Appendix 10: Raw Data for Chloride analysis of OPC AT-AT

Depth Chloride concentration in % Standard
Average Calculated
(mm) Sample 1 Sample 2 Sample 3 Deviation
10 0.1921 0.1928 0.1914 0.1921 + 0.0005
20 0.1756 0.175 0.1762 0.1756 +0.0004
30 0.1368 0.136 0.1376 0.1368 + 0.0006
40 0.0994 0.1 0.0997 0.0997 +0.0002
50 0.0805 0.0797 0.0801 0.0801 +0.0003
60 0.067 0.0676 0.0673 0.0673 +0.0002
70 0.064 0.0636 0.0638 0.0638 +0.0001
80 0.059 0.0595 0.06 0.0595 +0.0004

Appendix 11: Raw Data for Chloride analysis of OPC SK-H

Depth Chloride concentration in % Standard
Average Calculated
(mm) Sample 1 Sample 2 Sample 3 Deviation
10 0.19 0.1904 0.1902 0.1902 + 0.0001
20 0.1714 0.1708 0.1711 0.1711 + 0.0002
30 0.134 0.1354 0.1347 0.1347 + 0.0005
40 0.098 0.099 0.0985 0.0985 + 0.0004
50 0.0799 0.0801 0.0797 0.0799 +0.0001
60 0.0648 0.0656 0.0652 0.0652 +0.0003
70 0.0622 0.0636 0.0629 0.0629 + 0.0005
80 0.0572 0.0582 0.0577 0.0577 +0.0004
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Appendix 12: Raw Data for Chloride analysis of OPC SK-SK

Depth Chloride concentration in % Average Standard
(mm) Sample 1 Sample 2 Sample 3 Calculated Deviation
10 0.1953 0.1955 0.1957 0.1955 +0.0001
20 0.1779 0.1783 0.1781 0.1781 +0.0001
30 0.1393 0.1385 0.1389 0.1389 +0.0003
40 0.1019 0.1022 0.1025 0.1022 +0.0002
50 0.082 0.0832 0.0826 0.0826 +0.0004
60 0.0691 0.0705 0.0698 0.0698 + 0.0005
70 0.0663 0.066 0.0666 0.0663 +0.0002
80 0.061 0.0628 0.0619 0.0619 +0.0007

Appendix 13: Raw Data for Chloride analysis of PPC H-H

Chloride concentration in %

Depth (mm) Average calculated  Standard Deviation
Samplel Sample 2 Sample 3
10 0.1561 0.1572 0.155 0.1561 +0.0008
20 0.1303 0.1308 0.1298 0.1303 + 0.0004
30 0.0913 0.0915 0.0911 0.0913 +0.0001
40 0.0587 0.0582 0.0592 0.0587 +0.0004
50 0.031 0.037 0.025 0.031 +0.0048
60 0.0228 0.0231 0.0234 0.0231 +0.0002
70 0.0224 0.022 0.0222 0.0222 +0.0001
80 0.0178 0.0176 0.018 0.0178 +0.0001

Appendix 14: Raw Data for Chloride analysis of PPC AT-H
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Depth Chloride concentration in %
(mm) Samplel Sample 2 Sample 3 Average calculated Standard Deviation
10

0.1839 0.1851 0.1827 0.1839 +0.0009
? 0.1526 0.1529 0.1523 0.1526 +0.0002
% 0.0943 0.0953 0.0933 0.0943 +0.0008
* 0.0726 0.0724 0.0722 0.0724 +0.0001
» 0.0546 0.054 0.0552 0.0546 +0.0004
> 0.0423 0.042 0.0426 0.0423 + 0.0002
" 0.0454 0.0461 0.0447 0.0454 + 0.0005
» 0.0396 0.0406 0.0401 0.0401 +0.0004

Appendix 15: Raw Data for Chloride analysis of PPC AT-AT

Depth Chloride concentration in %
Average Calculated Standard Deviation

(mm) Sample 1 Sample 2 Sample 3

10 0.1862 0.187 0.1866 0.1866 +0.0933
20 0.1542 0.1546 0.1538 0.1542 +0.0162
30 0.0975 0.0972 0.0978 0.0975 +0.0283
40 0.0771 0.0777 0.0774 0.0774 +0.0100
50 0.0581 0.0579 0.0577 0.0579 +0.0097
60 0.0477 0.047 0.0484 0.0477 +0.0051
70 0.0484 0.0485 0.0486 0.0485 +0.0005
80 0.0432 0.0433 0.0431 0.0432 +0.0026
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Appendix 16: Raw Data for Chloride analysis of PPC TI-H

Depth Chloride concentration in %
Average calculated Standard Deviation

(mm) Samplel Sample 2 Sample 3

10 0.1757 0.1765 0.1761 0.1761 +0.0003
20 0.1506 0.15 0.1512 0.1506 +0.0004
30 0.0894 0.0901 0.0908 0.0901 +0.0005
40 0.069 0.06 0.078 0.069 +0.0073
50 0.0511 0.0519 0.0503 0.0511 + 0.0006
60 0.0399 0.0397 0.0401 0.0399 +0.0001
70 0.036 0.048 0.042 0.042 +0.0048
80 0.0374 0.0371 0.0377 0.0374 +0.0002

Appendix 17: Raw Data for Chloride analysis of PPC TI-TI

Depth Chloride ion concentration g/ g cement
Average calculated Standard Deviation
(mm) Samplel Sample 2 Sample 3
10 0.181 0.1792 0.1801 0.1801 + 0.0007
20 0.1552 0.1538 0.1524 0.1538 +0.0011
30 0.0975 0.0963 0.0969 0.0969 + 0.0004
40 0.0743 0.0748 0.0738 0.0743 +0.0004
50 0.0564 0.057 0.0567 0.0567 + 0.0002
60 0.0446 0.0462 0.043 0.0446 +0.0013
70 0.0468 0.0476 0.0484 0.0476 + 0.0006
80 0.0423 0.0421 0.0425 0.0423 + 0.0001
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Appendix 18: Raw Data for Chloride analysis of PPC SK-H

Depth Chloride ion concentration in % Average Standard
(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.1861 0.1867 0.1864 0.1864 +0.0002
20 0.1538 0.153 0.1546 0.1538 +0.0006
30 0.0966 0.0959 0.0952 0.0959 +0.0005
40 0.0736 0.0731 0.0741 0.0736 +0.0004
50 0.0555 0.0569 0.0541 0.0555 +0.0011
60 0.0446 0.045 0.0442 0.0446 +0.0003
70 0.0452 0.0463 0.0474 0.0463 +0.0008
80 0.0419 0.0424 0.0414 0.0419 + 0.0004
Appendix 19: Raw Data for Chloride analysis of PPC SK-SK

Depth Chloride concentration in % Average Standard

(mm) Samplel Sample 2 Sample 3 calculated Deviation

10 0.185 0.1892 0.1871 0.1871 +0.0017

20 0.1623 0.1641 0.1605 0.1623 +0.0014

30 0.13 0.1315 0.133 0.1315 +0.0012

40 0.0959 0.0972 0.0946 0.0959 +0.0010

50 0.0757 0.0771 0.0764 0.0764 + 0.0005

60 0.0625 0.0636 0.0614 0.0625 +0.0008

70 0.0587 0.0607 0.0567 0.0587 +0.0016

80 0.0481 0.0486 0.0491 0.0486 + 0.0004
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Appendix 20: Raw Data for Sulphate analysis of OPC H-H

Depth Sulphate Concentration in % Average Standard
(mm) Sample 1 Sample 2 Sample 3 Calculated Deviation
10 0.3097 0.3087 0.3077 0.3087 +0.0008
20 0.2916 0.2886 0.2901 0.2901 +0.0012
30 0.2578 0.2538 0.2558 0.2558 +0.0016
40 0.239 0.238 0.2385 0.2385 +0.0004
50 0.1888 0.187 0.1879 0.1879 +0.0007
60 0.1673 0.1661 0.1667 0.1667 +0.0004
70 0.1636 0.1576 0.1606 0.1606 +0.0024
80 0.1614 0.1589 0.1564 0.1589 +0.0020
Appendix 21: Raw Data for Sulphate analysis of OPC TI-H
Sulphate Concentration in % Standard
Depth (mm) Average calculated N
Samplel Sample 2 Sample 3 Deviation
10 0.3267 0.3278 0.3256 0.3267 +0.0008
20 0.3104 0.3086 0.3095 0.3095 + 0.0007
30 0.2758 0.275 0.2766 0.2758 + 0.0006
40 0.259 0.2576 0.2583 0.2583 + 0.0005
50 0.2088 0.2081 0.2095 0.2088 + 0.0005
60 0.1871 0.1861 0.1866 0.1866 + 0.0004
70 0.1802 0.181 0.1806 0.1806 + 0.0003
80 0.178 0.1774 0.1777 0.1777 + 0.0002
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Appendix 22: Raw Data for Sulphate analysis of OPC TI-TI

Depth Sulphate concentration in % Standard
Average calculated
(mm) Samplel Sample 2 Sample 3 Deviation
10 0.3437 0.3426 0.3448 0.3437 +0.0008
20 0.326 0.3272 0.3266 0.3266 +0.0004
30 0.292 0.2923 0.2926 0.2923 +0.0002
40 0.2755 0.2759 0.2757 0.2757 +0.0001
50 0.225 0.2257 0.2264 0.2257 + 0.0005
60 0.2047 0.2043 0.2039 0.2043 +0.0003
70 0.197 0.198 0.1975 0.1975 + 0.0004
80 0.1948 0.1936 0.1942 0.1942 +0.0004

Appendix 23: Raw Data for Sulphate analysis of OPC AT-H

Depth Sulphate concentration in %
Average calculated Standard Deviation

(mm) Samplel Sample 2 Sample 3

10 0.3353 0.3331 0.3342 0.3342 +0.0008
20 0.3183 0.3171 0.3159 0.3171 +0.0009
30 0.2838 0.2847 0.2829 0.2838 +0.0007
40 0.267 0.2656 0.2663 0.2663 + 0.0005
50 0.2163 0.2169 0.2157 0.2163 +0.0004
60 0.1956 0.1946 0.1951 0.1951 + 0.0004
70 0.1887 0.1879 0.1883 0.1883 +0.0003
80 0.1857 0.1851 0.1854 0.1854 + 0.0002
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Appendix 24: Raw Data for Sulphate analysis of OPC AT-AT

Depth Sulphate concentration in % Average Standard
(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3524 0.351 0.3517 0.3517 +0.0005
20 0.3343 0.3349 0.3346 0.3346 +0.0002
30 0.3014 0.3003 0.2992 0.3003 +0.0008
40 0.283 0.284 0.2835 0.2835 +0.0004
50 0.2334 0.2332 0.233 0.2332 +0.0001
60 0.2122 0.2116 0.211 0.2116 + 0.0004
70 0.206 0.2042 0.2051 0.2051 + 0.0007
80 0.2018 0.201 0.2014 0.2014 +0.0003

Appendix 25: Raw Data for Sulphate analysis of OPC SK-H

Depth Sulphate concentration in % Average Standard
(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3456 0.3453 0.345 0.3453 +0.0002
20 0.3289 0.3282 0.3275 0.3282 + 0.0005
30 0.2941 0.2957 0.2949 0.2949 +0.0006
40 0.277 0.2774 0.2778 0.2774 +0.0003
50 0.2271 0.2274 0.2277 0.2274 + 0.0002
60 0.206 0.2062 0.2064 0.2062 + 0.0001
70 0.1999 0.1989 0.1994 0.1994 + 0.0004
80 0.197 0.196 0.1965 0.1965 +0.0004




Appendix 26: Raw Data for Sulphate analysis of OPC SK-SK
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Depth Sulphate concentration in %
Average calculated  Standard Deviation
(mm) Samplel Sample 2 Sample 3
10 0.3637 0.3628 0.3619 0.3628 + 0.0007
20 0.345 0.3464 0.3457 0.3457 + 0.0005
30 0.3108 0.312 0.3114 0.3114 +0.0004
40 0.2941 0.2946 0.2951 0.2946 + 0.0004
50 0.2443 0.244 0.2446 0.2443 +0.0002
60 0.222 0.2234 0.2227 0.2227 + 0.0005
70 0.216 0.2162 0.2164 0.2162 +0.0001
80 0.212 0.2125 0.213 0.2125 + 0.0004
Appendix 27: Raw Data for Sulphate analysis of PPC H-H
Depth Sulphate concentration in % Average
Standard Deviation
(mm) Samplel Sample 2 Sample 3 calculated
10 0.2844 0.2824 0.2834 0.2834 + 0.0008
20 0.2531 0.2491 0.2511 0.2511 +0.0016
30 0.2306 0.2342 0.2324 0.2324 +0.0014
40 0.2041 0.1981 0.2011 0.2011 +0.002
50 0.1634 0.1604 0.1619 0.1619 +0.0012
60 0.1398 0.1378 0.1388 0.1388 +0.0008
70 0.131 0.1321 0.1332 0.1321 + 0.0008
80 0.125 0.1264 0.1257 0.1257 + 0.0005
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Appendix 28: Raw Data for Sulphate analysis of PPC TI-H

Depth Sulphate concentration in % Average Standard
(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3054 0.3051 0.3048 0.3051 +0.0002
20 0.2741 0.2751 0.2746 0.2746 +0.0004
30 0.2561 0.2568 0.2554 0.2561 +0.0005
40 0.224 0.2245 0.225 0.2245 +0.0004
50 0.1871 0.1862 0.1853 0.1862 +0.0007
60 0.1613 0.161 0.1616 0.1613 +0.0002
70 0.1563 0.1571 0.1555 0.1563 + 0.0006
80 0.1487 0.1483 0.1479 0.1483 +0.0003
Appendix 29: Raw Data for Sulphate analysis of PPC TI-TI
Depth Sulphate concentration in % Average Standard
(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3181 0.3195 0.3167 0.3181 +0.0011
20 0.2883 0.2869 0.2876 0.2876 +0.0005
30 0.2696 0.269 0.2693 0.2693 + 0.0002
40 0.2376 0.237 0.2382 0.2376 + 0.0004
50 0.1977 0.1972 0.1982 0.1977 + 0.0004
60 0.173 0.1746 0.1738 0.1738 + 0.0006
70 0.1663 0.1689 0.1676 0.1676 +0.0010
80 0.1613 0.1624 0.1602 0.1613 + 0.0008
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Appendix 30: Raw Data for Sulphate analysis of PPC AT-H

Depth Sulphate concentration in % Average Standard

(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3126 0.3147 0.3105 0.3126 +0.0017
20 0.284 0.2821 0.2802 0.2821 +0.0015
30 0.2654 0.262 0.2637 0.2637 +0.0013
40 0.2321 0.2325 0.2317 0.2321 +0.0003
50 0.1937 0.193 0.1944 0.1937 + 0.0005
60 0.1688 0.1686 0.1684 0.1686 +0.0001
70 0.1643 0.169 0.1641 0.1658 +0.0022
80 0.1559 0.1556 0.1562 0.1559 +0.0002

Appendix 31: Raw Data for Sulphate analysis of PPC AT-AT

Depth Sulphate concentration in % Average Standard

(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3256 0.3286 0.3226 0.3256 +0.0024
20 0.2952 0.2983 0.2921 0.2952 +0.0025
30 0.2743 0.2799 0.2771 0.2771 +0.0022
40 0.2474 0.2451 0.2428 0.2451 +0.0018
50 0.2053 0.2036 0.207 0.2053 +0.0013
60 0.1825 0.1803 0.1814 0.1814 +0.0008
70 0.1749 0.1758 0.174 0.1749 + 0.0007
80 0.1683 0.1693 0.1688 0.1688 +0.0004
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Appendix 32: Raw Data for Sulphate analysis of PPC SK-H

Depth Sulphate concentration in % Average Standard

(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3227 0.3239 0.3215 0.3227 +0.0009
20 0.2932 0.2912 0.2922 0.2922 +0.0008
30 0.2738 0.2747 0.2729 0.2738 + 0.0007
40 0.2416 0.2428 0.2422 0.2422 +0.0004
50 0.2033 0.2041 0.2038 0.2037 +0.0003
60 0.1783 0.1791 0.1787 0.1787 +0.0003
70 0.1742 0.1745 0.1739 0.1742 +0.0002
80 0.1658 0.1662 0.1660 0.166 +0.0001

Appendix 33: Raw Data for Sulphate analysis of PPC SK-SK

Depth Sulphate concentration in % Average Standard

(mm) Samplel Sample 2 Sample 3 calculated Deviation
10 0.3394 0.3328 0.3361 0.3361 +0.0026
20 0.3057 0.3025 0.3089 0.3057 +0.0026
30 0.2907 0.2845 0.2876 0.2876 +0.0025
40 0.2585 0.2527 0.2556 0.2556 +0.0023
50 0.2131 0.2185 0.2158 0.2158 +0.0022
60 0.1919 0.1942 0.1896 0.1919 +0.0018
70 0.1836 0.1872 0.1854 0.1854 +0.0014
80 0.178 0.178 0.1793 0.1784 + 0.0006




